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Abstract 
Microorganisms are fundamental components of many geochemical transformations 
occurring in the aquatic environment. Microbial redox and methylation of metals within 
the environment can alter metal speciation, mobility and ultimately, toxicity to 
eukaryotes. It is therefore practical that any environmental monitoring framework 
advocating the application of `early-warning biomarker system' should incorporate a 
holistic view of the environment beginning with microbial activity. This thesis describes 
the development of protocols for assessing the in situ condition of microbial ecosystems 
within a gradient of metal contaminated sites radiating downstream of the Anaconda 
Smelter, a USEPA-designated superfund site and within two control sites. Experiments 
focus on evaluating the incidence (i. e. prevalence and absence) of genes related to 
general stress and specific metal detoxification reactions. Moreover, a number of 
selected genes were quantified directly from the environment and statistically correlated 
with metal concentrations. Furthermore, the influence of metals on structuring microbial 
communities was also investigated by evaluating temporal communities shifts in response 
to changing metal concentrations using denaturant gradient gel electrophoresis (DGGE). 
The data recorded the highest prevalence of all genes was found at the most polluted site 
directly downstream of the Anaconda Smelter. Furthermore, significant correlations 
were observed between gene prevalence and metals (arsenic, copper and zinc) (P < 0.05) 
and organic carbon concentration (P < 0.05). A number of genes were successfully 
amplified from sediment with significantly higher gene copy number (/ ng DNA) at the 
more polluted sites when compared to corresponding control sites. Examination of 
community diversity found that long-term metal-contaminated sediments, adjacent to the 
Smelter, had microbial communities twice as diverse as corresponding reference sites. In 
addition, multivariate statistical techniques identified factors important to community 
structuring, concluding that geographic position and localized geochemistry 
fundamentally influence the structuring of communities. This thesis represents a 
significant advance in the use of microorganisms as `early warning systems' of 
deterioration in ecosystem health, while the application of advanced molecular methods 
facilitates their intergration within a traditional ecotoxicological framework. 
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Chapter 1 
Introduction 
Research on biomarkers as early indicators of perturbation in populations and individuals 
has been gaining ground over the last decade, and follows an etiology closely derived 
from medical science. Routine quantification of various biochemical measurements, such 
as electrolyte levels, blood chemistry, peroxidation levels etc. give rise to an initial 
assessment of a patient's general health, with the aim of understanding the prediction, 
cause, diagnosis, progression, regression, or outcome of treatment of disease (Mayeux, 
2004), a similar concept has recently been successfully incorporated into environmental 
science (Hellawell, 1977; Handy et al., 2003; Moore et al., 2004). The biomarker model 
has found considerable application for comparative description of perturbed ecosystems 
(Downs et al., 2002; Handy et al., 2002; Galloway et al., 2004; Jobling et al., 2004), with 
a goal of informing and influencing government policy on remediation, regulation and 
restriction. Furthermore, the laboratory application of biomarkers has played a vital role 
in furthering understanding of organism physiology and biochemistry (Downs et al., 
2001; Grosell et al., 2003; Handy, 2003), preceding the development of models able to 
predict the likely adverse effect of anthropogenic pollutant transfers up through the food 
web (Moore, 2002). A number of definitions of a biomarker exist, but, the description by 
Peakall and Walker (1994) as 'a biological response to a chemical or chemicals that gives 
a measure of exposure, and sometimes, also toxic effect' is widely cited, and will be 
employed here. 
Biomarkers may be divided into two main groups, those measuring effect, and those 
assessing exposure, with both being used concomitantly to develop a holistic view of 
organism perturbation. The development of a biomarker proceeds along strict guidelines 
adhering to fundamental principles that a relevant endpoint be measured (Handy et al., 
2003). Biomarkers of effect require a specific response within an essential cellular 
function measured at a biochemical, physiological, histological level (Handy et al., 2003), 
and increasingly at a genomic level (McClain et al., 2003; Snell et al., 2003; Ricketts et 
al., 2004; Snape et al., 2004), and include the quantification of metallothionein (Butler 
and Roesijadi., 2001), acetylcholine esterase (Owen et al., 2002; Whitehead et al., 2005) 
and the cytochrome P450 superfamily of phase 1 enzymes (Stegeman et al., 1997). On 
the other hand, biomarkers of exposure conform to dose/ response relationships, which 
decree that a given physiological response is exactly correlated with the bioavailable 
fraction of a contaminant, and also denote a physiological change attributable to the 
presence of pollutants, e. g., changes in heart rate (Depledge, 1984), or immunological 
status (Wooten et al., 2003). 
A number of recent studies highlight the usefulness of both groups of biomarkers for 
assessing organism health in both the laboratory and the environment. For example, 
Galloway et al. (2004) examined industrial contamination within a coastal estuary, the 
Southampton Water, by examining the health of a filter feeder (Cerastoder7na edule), a 
grazer (Littorina littorea) and an omnivore (Carcinus maenas), measuring a number of 
different exposure and effect parameters including heart rate, esterase activity, 
metallothionein, pathological change, cellular viability and genotoxicity. Conclusions of 
this study show a species specific response of cellular level biomarkers (lysosomal 
stability, cell viability, micronucleus formation) is significantly correlated with the more 
polluted sites within Cs. edule, but failed to show any differences within C. maenas. 
Conversely biomarkers of exposure and effect (metallothionein, urine/ PAH levels and 
protein levels) were significantly altered at contaminated sites for C maenas, but not Cs. 
edule. This study demonstrates the utility of using biomarkers in concert with traditional 
chemical analysis, to bring a 'weight of evidence' approach to environmental assessment. 
The use of spatial ordination (in this case multidimensional scaling) allows for 
correlations to be drawn between specific contaminants (i. e., organics or metals of 
anthropogenic origin) and the response of a suite of biomarkers. However, it also serves 
as a cautionary account of both careful species selection and prudent experimental 
design. Design should be rigorous enough to include a holistic range of biomarkers 
measuring many different parameters at different levels of organization (Fig. 1.1), in 
order to obtain a sufficient overview of individual and community health, and to draw 
recommendations on further action. 
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Figure 1.1: Conceptual hierarchy of biomarkers. Biomarkers are designed to reflect both 
the nature of a given stress response and the given ecological relevance. Molecular and 
physiological parameters are measured at the level of the individual, and are cost 
effective, rapid indicators of potential ecological detriment. All other responses are 
measured at the level of a single or multiple species populations, and require a large 
amount of time and money. For most grants, the levels of ecosystem and populations are 
prohibitively costly. 
Ecological Mechanistic 
Relevance 
/Ecosystem\ 
Interest 
Population 
Individuals 
Physiological functioning 
Molecular Parameters 
Similarly, Downs et al. (2002) assessed the physiology of bivalves (Mya arenaria and 
Mytilus trossulus) chronically exposed to crude oil released from the Exxon Valdez within 
Prince William Sound, Alaska. Experiments focused on the level of specific cellular 
stress responses (including superoxide dismutase, glutathione peroxidase, Hsp 60,70,90 
and malondialdehyde levels) from bivalves collected from sites contaminated with 
various levels of polycyclic aromatic hydrocarbons (PAHs) from crude oil, which had 
significantly elevated expression of proteins involved in a stress response, in comparison 
to pristine control sites. Physiological endpoints assessed in this study are those expected 
to be upregulated during times of acute stress from environmental contamination; that 
they are significantly higher over chronic exposure to contaminants displays a lack of 
physiological adaptation to that stressor. Consistently high levels of stress proteins such 
as heat shock proteins (hsps), glutathione and metallothionein as well as antioxidant 
3 
enzymes, such as superoxide dismutase (SOD) and catalase, are extremely costly to an 
organism's energy budget, as translation is, metabolically, an expensive process 
(Hawkins, 1991). Prolonged production of compensatory mechanisms, alongside basal 
metabolism, is likely to have substantial incidental effects on an organism's growth and 
Darwinian fitness, leading to a decline in population levels. Unfortunately, the authors 
did not follow up this original study to examine such parameters. 
Increasingly, genomic studies are being included to assess mechanistic interactions of 
pollutants with organisms within both the laboratory and the field (see review by Wilson, 
2005) and a noteworthy example of this is the Environmental Genome Project (EGP, 
2005), which uses a candidate gene approach to identify and characterize genetic 
variability in genes thought to be susceptible to toxicant-induced disease (Wilson and 
Olden, 2005). Resequencing of this gene can give information on single nucleotide 
polymorphisms (SNPs), and variations relevant to environmental responses useful to 
toxicologists and policymakers alike. When included within an environmental 
framework, this approach, termed 'ecotoxicogenomics' (Snape et al., 2004), encompasses 
a range of traditional molecular techniques used in both biomedicine and molecular 
microbiology, including genome sequencing, gene function and transcription analysis, 
genome architecture, proteomics and metabolomics, to assess the health of an organism at 
its most basic level (Sturzenbaum et al., 2004; Burgos et al., 2005; Stentiford et al., 
2005). Currently, very few field studies take such an approach, possibly due to the 
expense of equipment and time required to train personnel to use and correctly interpret 
molecular-based data. However, genomic approaches have been used in the biomedical 
field for some time (Forrest et al., 2005; Wang et al., 2005), consistently demonstrating 
that gene expression is altered by toxicity (of an organic or inorganic origin), either 
through a direct or indirect pathway (Nuwaysir et al., 1999), and these techniques hold 
considerable promise for use with environmental field studies (Snape et al., 1999), 
particularly with the increasing number of environmentally relevant species being 
selected for whole genome sequencing (recent examples include the amphipod, Parhyale 
hawaiensis, the mud snail, flyanassa obsolete, and Caenorhabditis elegans (extensively 
used to investigate signal transduction), the frog, Xenopus laevis, the Zebrafish, Danio 
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rerio, and the Rainbow Trout, Oncorynchus mykiss). Experimentation on such organisms 
provides vital insight into genetic modifications (e. g. mutation, gene insertion/ deletion) 
following pollutant insult. 
McClain et al. (2003) validated multiple molecular biomarkers for assessing the exposure 
of rainbow trout (Oncorhynchus mykiss) to metals and hydrocarbons within streams in 
Ohio, USA, by designing primers around a number of genes (CYP IA and 
metallothionein) encoding for proteins having a fundamental role in an organism's stress 
response. Primers were designed from the recently sequenced portions of the genome of 
the rainbow trout and plaice (Pleuronectes platessa) (Heilmann et al., 198 8; Bonham et 
al., 1987; Le Guellec et al., 1988; Leaver et al., 1993), and in laboratory validation, 
showed significant upregulation, relative to water control, of CYP IA (in fish exposed to 
Benzo-a-Pyrene (BaP)), of metallothionein (in fish exposed to cadmium) and of 
vitellogenin (fish exposed to estradiol). In a laboratory setting, such findings are not 
unexpected. However, the strong correlation between gene expression and environmental 
variables in situ is an important advance for an ecotoxicological framework which 
advocating 'early warning' systems. Evaluation of transcriptional activity adds an extra 
dimension to physiological studies. Furthermore, advances in field-based nucleic acid 
extraction techniques allow for immediate quantitative assessment of biota health within 
a perturbed ecosystem. 
Biomarkers, be it at the molecular, physiological or immunological level, provide a 
dynamic and potentially powerful approach to investigate a wide spectrum of 
environmental problems; however, their application is not without limitations. 
Limitations predominantly stem from misinterpretation of response brought on by 
improper application (Handy et al., 2003). It is these limitations that have prevented 
biomarkers from becoming routinely applied to environmental assessment outside of 
academia (for example, neither the UK Environment Agency, nor the US Environmental 
Protection Agency, have frameworks routinely incorporating biomarkers). Additionally, 
traditional focus on eukaryotic responses to chemicals may itself be a limitation, as any 
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attempt to characterize an ecosystem fully, must integrate a holistic examination of all 
relevant trophic levels, to completely assess impact. 
Currently, prokaryotes are used successfully within biomonitoring programs (Winding ct 
al., 2005). Microbial indicators of soil quality include respiration and organic matter 
degradation (Parr et al., 1999; Gong et al., 2005), microbial biomass and nitrogen 
mineralization (Carter et al., 1999) and direct population counts with epifluorescence 
microscopy (Bloem and Brevre, 2003). These parameters, employed to follow suspected 
deterioration in soil quality, suffer from a range of limitations, not least of which is an 
inability to identify specific anthropogenic stressors and potential consequences for 
higher level organisms. There is currently no attempt to develop and apply genomic 
biomarkers along the lines used in eukaryotic ecotoxicology; however, significant 
advances in the extraction and purification of nucleic acids (Ford et al., 2005) alongside 
an increasing number of tools for rapid assembly (Beja et al., 2000; Venter et al., 2004) 
and accurate annotation of microbial genomes www. tiar. org), facilitates the direct 
assessment of microbial communities. 
1.1 Microbes in the Environment 
While it is clear that algae, fungi and higher plants have made significant contributions to 
shaping the Earth's atmosphere and geochemistry (Pasternak, 2003), the most important 
architects of the global environment are clearly unicellular microorganisms (Bacteria, 
Archaea and single-celled Eucarya) (Newman and Banfield, 2002). Microbes have 
profoundly altered the Earth in a number of ways; approximately 3 billion years ago, 
mats of blue-green algae, cyanobacteria, evolved photo-pigmentation to harness energy 
from the sun for photosynthesis, giving off oxygen as a byproduct. The vast biomass and 
activity of these organisms altered atmospheric chemistry creating an oxic environment 
on earth, paving a way for further colonization of both unicellular and multicellular 
organisms, employing oxygen as a terminal electron acceptor (Kasting and Siefert, 2002). 
Since this time it is clear microbes have been the driving force in geological and 
geochemical change on earth, modifying the composition of oceans, rivers and pore 
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fluids through control of mineral weathering (Newman and Banfield, 2002). Moreover, 
the formulation of the 'microbial loop' premise postulates that microbial metabolism is 
dominant in mineral cycling, particularly that of carbon and sulfur, while it is solely 
responsible for the oceanic fixation of nitrogen (Hobbie et al., 1977; Azam, 1998; Azarn 
and Worden, 2004), a theory which has replaced traditional views of trophic food chains 
(Fig. 1.2). Evidence supporting this comes from Prochlorococci species, a group of 
primary producers responsible for approximately 50 % of total ecosystem photosynthesis 
and 30 % of global carbon dioxide fixation (West et al., 2001; Ting et al., 2002; Rocap et 
al., 2003). Furthermore, recent evidence shows that between 30 and 50 % of total 
nitrogen loss occurring in the oceans, is through microbially mediated anaerobic 
oxidation of ammonium by nitrite to yield nitrogen (Kuypers et al., 2005). Microbial life 
is sustained and indeed thrives in just about every potential niche in the world attributable 
to extensive metabolic plasticity; ranging from proteorhodopsin-based phototrophy in the 
open oceans (Beja et al., 2001) to geochemically-dependent methanogenesis in the 
Earth's interior (Chapelle et al., 2002). Vast communities thrive in conditions thought to 
be uninhabitable, such as acid mine drainage (Edwards et al., 2000; Tyson et al., 2004), 
characterized by low pH (-0 -2) and extremely metal-rich waters and Antarctic plains 
(Priscu et al., 1999), regularly experiencing temperature drops to -70 T around lake 
Vostock (British Antarctic Survey, 
www. bas. ac. uk/About Antarctica/Weather/Temperature/ýýndex. php . However, the 
recalcitrance of prokaryotic organisms is perhaps best demonstrated by the continued 
presence and viability of Bacillus pumilus on recently returned NASA spacecraft and its 
ability to resist extensive and prolonged UV-radiation during flight (Crawford, 2005). 
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Figure 1.2: Traditional view of aquatic food webs (left side of schematic) undervalued the 
importance microbes play in structuring higher-level ecosystems (right side of schematic) 
(reproduced from DeLong and Karl, 2005). 
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The ecological importance, ubiquity and wide-ranging habitation of micro-organisms 
provides a significant advantage over the use of many eukaryotic species for assessing 
ecological health, provided prokaryotic-specific ecotoxicological parameters can be 
devised. Nevertheless, previous application of microbes within environmental science 
has been stifled by the inability to study the organisms' physiology in situ, which has led 
to the development of culture-dependent biosensors (Daunert et al., 2000; Rensing and 
Maier, 2003; Vollmer and Van Dyk, 2004). Biosensors are created by the fusion of a 
stress-responsive promoter (e. g., heat shock sigma factor a 32) with a reporter gene (e. g., 
lacZ encoding ß-galactosidase, inaZ or green fluorescent protein, gfp) and are designed to 
show a physiological or biochemical response to an environmental contaminant, such as 
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that based on catabolic regulatory genes used to detect organic pollution (Burlage et al., 
1990; Vollmer and Van Dyk, 2004). Whole cell biosensors have also been developed to 
measure bioavailable fractions of heavy metals, by inserting a plasmid with a strictly 
regulated promoter into a whole-cell through recombination (Daunert et al., 2000), such 
as that used to measure mercury concentrations (Selifonova et al., 1993), copper (Da et 
al., 1995), arsenic (Scott et al., 1997) cadmium and lead (Tauriainen et al., 1998). 
However, the use of biosensors shows significant disadvantages as a real-time biomarker 
of contamination. Clearly genetically engineered model-organisms introduced to screen 
a polluted site, bear little association with organisms inhabiting a metal contaminated site 
which, owing to prokaryotic genome plasticity, may have acquired innate tolerance to 
high metal loads through horizontal gene transfer (Jain et al., 1999; de la Cruz and 
Davies, 2000; Smets and Barkay, 2005; Gogarturn and Townsend, 2005). In addition, 
microbes with genetic modifications incorporating novel plasmids are generally 
outcompeted by native microbial populations, and would therefore require further 
modification to allow accessible usage of diverse carbon sources, to avoid direct 
antagonism. Nonetheless, the use of microbes as biosensors for estimating in situ toxic 
metal concentrations was a significant advance, acknowledging the important interactions 
present between microbes and metals, which potentially lead to a speciation change and 
subsequent influence on a metal's bioavailability. 
1.2 Microbes and Metals 
Microbes dwelling within some aquatic systems inhabit oligotrophic environments, and a 
variety of evolutionary adaptations help microorganisms to cope with limited access to 
important nutrients and chemicals. These adaptations range from high substrate affinities 
(as in the case of phosphorus) for efficient chemical extraction, to the use of surface- 
active agents (for the mobilization of hydrophobic organics), bioemulsifiers, 
biornolecules (such as siderophores) and extracellular enzymes (Richardson, 2000; 
Newman, 200 1). Efficient metal-uptake and assimilation within such systems is required, 
as they are incorporated as essential cofactors in metalloproteins, such as Mo/ Fe 
nitrogenase (Orme-Johnson, 1992), Fe-cytochromes and cytochrome oxidase (containing 
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Fe and Cu) (Wackett et al., 1989), Mg containing bacteriochlorophyll (Scheer, 199 1) or 
dehydrogenase containing either Ni in anaerobic or Mo in aerobic bacteria (Ferry, 1995). 
Additionally, microbes are intimately involved in metal biogeochernistry interacting with 
both free metal species and metal-containing minerals. Efficient uptake requires the 
metal to be in an ionic form achieved by the mobilization, dissolution and solubilization 
of environmental metals by processes similar to that described above, which may also 
determine the speciation and therefore bioavailability of the metals (Fig. 1.3) (Ford and 
Ryan, 1995; Brown et al., 1999; Ehrlich, 2002; Gadd, 2004; Ford et al., 2005). 
Figure 1.3 (overleaf): Schematic of potential microbial metal cycling pathway. (1) 
Minerals, in this case either arsenopyrite or cinnabar, are biologically reduced to yield 
free metal ions, (2) through either dissolution, desorption, precipitation or degradation, 
which can be either actively or passively taken up by the microbial cell. (3) Diverse 
strategies of detoxification are then activated, pentavalent arsenic is reduced to a trivalent 
form and effluxed into the environment, while cationic mercury is intracellularly 
methylated, and diffuses out in the environment. (4) Once in the environment, lipophylic 
methyl-mercury may accumulate up the food chain, while free ion arsenic may 
contaminate ground water wells and also accumulate up the food chain. (5) Consumption 
of metal contaminated aquatic life by humans and higher mammals may lead to 
significant health effects, including kidney and liver disorders and cancer. Within the 
diagram; i= Sediment reactions and ii = Above ground reactions (Devised from Barkay 
et al., 2003; Brown et al., 1999; Mukhopadhyay et al., 2002). 
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Microbes can mobilize or immobilize various metals depending on the organisms 
involved, the localized environmental and physicochemical conditions, processes that 
have important consequences for anthropogenic toxicity (Gadd, 2004). Changes in 
metalloid speciation. can occur through intracellular detoxification, mediated 
predominantly through reduction/ oxidation activity, and subsequent efflux, having a 
profound effect on metal mobilisation, particularly if accompanied by a lowering of 
valence state (e. g., Mn (IV) to Mn (11)). One such example is the well-studied cfflux of 
arsenate (As (V)) (Zhou et al., 2000; Mukhopadbyay et al., 2002), which proceeds via 
reduction to the trivalent arsenite (As (111)), which is more amenable for efflux. 
However, the trivalent arsenic anion is also considerably more toxic to higher-level biota 
than arscnate, rapidly binding to thiol-containing proteins affecting their structure (Del 
Razo et al., 2001). However, as with a number of microbe/ metal interactions, there is 
recent evidence to suggest that arsenate reduction is also a respiratory function (Saltikov 
and Newman, 2003; Malasarn et al., 2004; Saltikov et al., 2005), centred on the activity 
of the arr gene, which also leads to an intracellular reduction of arsenate to arsenite. 
Mobilization through redox reactions is observed with a variety of metals, metalloids and 
organometallic compounds, predominantly increasingly ionic solubility, as found with 
the oxidation of Fe (11) to Fe (111) or Mn (II) to Mn (IV) (Lovley and Coates, 2000), while 
dissimilatory metal reducing bacteria use redox. reactions when respiring a range of 
metal(loid)s, including, Se (IV), Cr (VI) and U(VI) (Stolz and Oremland, 1999; Lloyd, 
2003; Croal et al., 2004). 
Furthermore, in addition to redox reactions, microbial-effected metal mobilization ensues 
through a number of different pathways, and almost always has subsequent effects on 
toxicity. The use of metals as terminal electron acceptors, rather than soluble nitrate or 
sulfate, leads to questions as to how insoluble minerals such as hematite (Fe203) or 
goethite (FeOOH) are employed. However, it is apparent that a number of mechanisms 
of mineral dissolution exist (Newman, 2001). These include heterotrophic leaching, the 
acidification of the localized environment by chemoorganotophic bacteria, via plasma 
membrane ATPases, leading to metal release through competition between metals and the 
localized protons for a metal-anion complex, releasing the metal (Gadd, 2004). 
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Similarly, autotrophic leaching carried out by chemolithotrophic acidophilic bacteria 
fixes carbon dioxide and also obtains energy through the oxidation of ferrous iron. The 
end products of such reactions, Fe (III) and H2SO4 are responsible for the solubilization of 
metals (Rawlings, 1997). There are further mechanisms proposed, centering around the 
release of biomolecules, for example the production of chelating molecules facilitating 
the electron transfer to iron minerals, however no evidence exists that such molecules are 
involved in respiration (Nevin and Lovley, 2000). Alternatively the use of exogenous 
organic compounds with quinone moieties may be used to transfer electrons from the c- 
type cytochromes to the mineral (Newman and Kolter, 2000). A further mechanism, 
thought to be dominant (Newman, 2001), is the direct transfer of electrons from the cell 
surface to the mineral mediated by a range of biomolecules (cytochromes, quinones, and 
dehydrogenases), responsible for chaperoning electrons from cell to mineral (Richardson, 
2000). Recent evidence suggests a direct contact between mineral and microbe through 
the use of 'nanowire' pili down which electron transfer is accomplished (Reguera et al., 
2005). Studies demonstrate nanowire deficient mutants of Geobacter sulfurreducens 
were unable to reduce Fe (III) oxides, yet were able to attach to them. 
Biomolecules are also responsible for fulfilling the nutrient requirements of microbes. 
Siderophores are particularly well studied among microbial/ metal ligands. They are low 
molecular weight coordination molecules excreted to aid in the assimilation of iron 
(Gadd, 2001), particularly during periods of iron deficiency (Harms and Wick, 2004). 
The same, or structurally similar products are also excreted for the assimilation of further 
compounds including magnesium, manganese, chromium (III) and radionuclides such as 
plutonium (Birch and Bachofen, 1990). 
The enzymatic transfer of methyl groups to metals is an additional method of metal- 
mobilization and produces compounds with different volatility, solubility and toxicities to 
metal cations (Turpeinen et al., 1999; Bentley and Chasteen, 2002; Gadd, 2004). The 
metalloid mercury is a well-studied example of metal-methylation (Barkay et al., 2003), 
which involves the transfer of the CH3 group from methylcobalamin onto the Hpý+ via the 
acetyl-coenzyme A pathway (Choi et al., 1994) by, predominantly, sulfate-reducing 
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bacteria, particularly Desutrovibrio desutruricans strain LS. Hg methylation such as this 
is particularly important from a public health viewpoint, as CH3Hg is a lipophilic potent 
neurotoxin responsible for a number of deaths and long terms debilitating illnesses in 
sites around the world (Clarkson, 1997; 2002). 
1.3 The Genetics of Metal Resistance 
The paradoxical nature of environmental metals evident within eukaryotic toxicology 
studies (Berthet et al., 2005; Chapter 3) is also apparent for prokaryotic species, despite 
being fundamental to microbial biochemistry and physiology, both essential and non- 
essential (many of which may be used by different bacterial and archaeal species for 
respiration) are acutely toxic to microbes. Selective pressure attributable to metals has 
resulted in the evolution of a number of operons (Barkay et al., 2003; Silver and Phung, 
2005), two-component regulation systems (Busenlehner et al., 2003) and individual genes 
(Robinson et al., 1990; Blindauer et al., 200 1) capable of assimilating, binding, enzymatic 
redox, methylation and efflux. of various metal ions. This has allowed for the prokaryotes 
to survive and flourish within highly metal-contaminated environments such as acid mine 
drainage systems (Edwards et al., 1999; Tyson et al., 2004), metal-polluted freshwater 
(Nakagawa et al., 2002), estuarine (Reyes et al., 1999; Sorci et al., 1999) and marine 
sediment (Webster et al., 2003; Gillan et al., 2005) and metal polluted terrestrial 
environments (Bruce et al., 1995; Gans et al., 2005). Genes involved in the resistance to 
toxic metallic species are listed in Tables 1.1 & 1.2. This is by no means a complete list, 
as bacterial chromosomes and plasmids encode resistance systems for nearly all toxic metal 
ions, including Ag', AS02-, AS04 3-, Cd 2+' C02+ . Cr04 
2-, CU2+ H g2+, Ni2+ 9 Pb 
2+ 
9 Sb 
3+ 
, Te03 
2-, 
TI+ and Zn 2+1 however, the list serves to illustrate the diversity of operons which has evolved. 
Microbes show two overarching pathways to metal resistance. The first is based on the 
energy-dependent efflux of toxic ions. Some of the efflux systems are ATPases (including 
and P-type ATPases, CPx-ATPases) and others are chemiosmotic cation/proton antiporters 
(Silver, 1996). The second method encapsulates both metal ion homeostasis and active 
sequestration through the activity of intracellular metal binding proteins, such as prokaryotic 
metallothionein and the copper chaperone, Aul. In addition to these tables, a number of 
the most important systems relevant to environmental toxicology are discussed below. 
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Table 1.1: Transporters for the controlled uptake of essential metals. 
Metal Gene Name Gene Function Reference 
Cu PcoA Multi-copper oxidase 
PCOB Periplasmic transporter 
PCOC Inner membrane transporter Silver, 1996 
PcoD Cytoplasmic transporter 
PcoR Transcriptional regulator 
Fe* FepA Outer Membrane Transporter 
FhuE Outer Membrane Transporter 
FhuA Outer Membrane Transporter 
FhuB Periplasmic Transporter 
FerA Outer Membrane Transporter 
FecB Outer Membrane Transporter Andrews et al., 2003 
FepS Outer Membrane Transporter 
FhuCD ATP-binding inner membrane transporter 
FecCDE ATP-binding inner membrane transporter 
FepCDEG ATP-binding inner membrane transporter 
TonBl ExbB Energises outer membrane transporters 
Mo ModA Periplasmic binding protein 
ModB Cytoplasmic transporter Walkenhorst et al., 
ModC ATP-binding protein 1995 
ModR Uptake operon regulator 
N! NikA Periplasmic binding protein 
N&B Inner membrane pore for facilitated uptake 
N&C Inner membrane pore for facilitated uptake Canovas et al., 2003 
N&D ATP-binding protein 
NikR Transcriptional regulator 
P04 3+ Pit Cherniosmotic transporter Harris et al., 2001 Pst ABC-type ATPase 
Zn ZnuA Periplasmic binding protein 
ZnuB Inner membrane pore for facilitated uptake 
ZnuC ATP-binding protein 
Canovase et al., 2003 
ZnuR Transcriptional regulon 
*Various iron/ siderophore complexes are transported by these proteins (1) Fe 3+ _ 
enterobactin / Fe 3+ - dihydroxybenzoyl (11) Fe 
3+ 
_ coprogen. / Fe3+ - rhodotorUic acid 
Fe 3+ _ ferrioxamine (III) Fe 
3+ 
_ ferrichrome (IV) Fe 
3+ 
- dicitrate (V) Fe 3+ _ 
dihydroxybenzoic acid / Fe 3+ - dihydrobenzoyl. 
14 
Table 1.2: Transporters mediating toxic metal efflux, (RND resistance-nodulation- 
division permease) 
Metal Gene Name Gene Function Reference 
As ArsA Cofactor of efflux pump 
ArsB Membrane spanning ATPase efflux pump Mukhopadhyay et al., 
ArsC Arsenate (As(V)) reductase 2002 
Ar*sR Ar's operon transcriptional regulator 
Cd CadA P-type ATPase efflux pump Canovas et al., 2003 CadR Transcriptional regulator 
C. ZC4 P-type ATPase efflux pump 
co2+, CzcB Membrane fusion pump Nies 2003 
2+ 2+ Cd Zn 
CzcC Outer membrane Efflux pump , 
, CzcR (I+II) Two component transcriptional regulator 
CU CopA P-type ATPase efflux protein 
CopB Membrane associated Cu-binding protein 
CueO Putative multicopper-oxidase 
Rensing et al., 2003 
CueR Trascriptional regulator 
Cu/ Ag CusA RND-proton antiporter 
CUSB Membrane fusion protein 
Cusc Outer membrane protein Rensing et al., 2003 
CusF Periplasmic binding protein 
CusR Transcription regulator 
Cr ChrA Membrane spanning protein Silver, 1998 
Hg MerA Mercuric ion reductase 
MerB Mediates methylation of mercuric cation 
MerC Periplasmic transporter 
Barkay et al., 2003 MerD Antagonist to transcriptional regulator MerR 
MerT Periplasmic transporter 
MerR Transcriptional regulator 
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Arsenic - As briefly mentioned above, microbes are capable of reducing toxic arsenate 
(As V), to its more toxic trivalent form arsenite. Enzymatic reduction proceeds in order 
to facilitate efflux. of arsenic from the cell via an arsenite specific ATPase. A number of 
genes responsible for this reduction process are grouped together to form the Ars operon, 
which can be chromosomally located (e. g. within Pseudomonas aeruginosa), or plasmid 
based (e. g. Staphylococcus aureus). As more and more sequencing studies are completed 
it is becoming clear that the Ars operon is fairly ubiquitous within both eukaryotic and 
prokaryotic species (Mukhopahyay and Rosen, 2002). The uptake of arsenic into the cell 
is mediated through phosphate transporters, the pit and pst system, which are 
differentially regulated depending on phosphate abundance. Arsenate is a phosphate 
mimic, having similar structure and pKa values at neutral pH (Ballatori, 2002), which 
allow for competition for uptake with phosphate. Arsenite (predominantly in the form 
As(OH)3) is taken up directly from the environment by aqua-glyceroporins, due to its 
structural similarity to polyol (Mukhopdhyay et al., 2002). 
The fact that the toxic arsenite is taken up simply to be effluxed later is perplexing; 
however, reasons for this may be related to the mechanism of arsenic resistance. At the 
core of the Ars operon is an arsenic regulator ArsR, which controls the expression of 
genes downstream, including ArsB, C and D. This regulator is activated only by arsenite 
binding to the active site ArsR, a process that is therefore essential for further arsenic 
resistance (C. Rensing, Pers. Comm. ). Activation of ArsR precedes the upregulation of 
ArsC, an monomeric cytoplasmic arsenate reductase (Martin et al., 2001), responsible for 
the reduction of arsenate to arsenite. The structure of the reductase is generally 
conserved, yet may be co-factored by either glutathione (a form known as Grx) or by a 
small disulphide reducing protein (thioredoxin) (Mukhopdhyay et al., 2002). Following 
enzymatic reduction, arsenite is transported to a cellular efflux pump. Current research 
suggests that ArsD is used as a transporter (C. Rensing. Pers. Comm), transporting 
arsenite to A rsB, a periplasmic membrane-spanning ATPase, mediating the efflux of free 
ion arsenite. The significance of arsenite toxicity towards higher-level organisms 
following microbial efflux has not been assessed; however, within an small enclosed 
ecosystem, containing high arsenopyrite, toxicity could be significant, particularly 
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following introduction of nitrate or phosphate levels which may stimulate the microbial 
community. 
In addition to arsenate reduction, there is considerable evidence that the oxidation of 
arsenite represents a significant pathway for tolerating high arsenite concentrations. The 
genetics of arsenic oxidation are not as well characterized as those mediating reduction; 
however, an arsenic oxidase has been characterized from a number of species including 
Alcaligenesfaecalis (Legge and Turner, 1954), and more recently within Agrohacterium 
tumefaciens, Pseudomonasfluorescens and Variovoraxparadoxus (Macur et al., 2004). 
The enzyme is located on the outer surface of the cytoplasmic membrane and exhibits 
arsenic oxidation in the presence of a subsequent electron acceptor such as cytochrome c. 
However, little work has been done to characterize how widespread this is, and whether 
this is a counter-balance to the environmental reduction of arsenic. 
Copper - Copper, in low concentrations, is an essential nutrient within both prokaryotic 
and eukaryotic organisms. As such a large number of diverse chromosomal and plasmid- 
based operons have co-evolved and have since been characterized. The gene products of 
these operons are responsible for the uptake, assimilation, detoxification and efflux of 
copper. Uptake of copper from the environment is cation specific, presumably to ensure 
an adequate supply of copper in the presence of related cations, such as nickel or zinc 
(Rensing and Grass, 2003). 
Perhaps the most well characterized system is the copper-transport system of Escherichia 
coli, which encodes three separate chromosomally located systems, Cop A, Cus and Cue 
0 (Rensing and Grass, 2003). Central to this system is Cop A, a Cu(l)-translocating P- 
type ATPase, responsible for cytoplasmic copper homeostasis. Cop A is regulated by 
Cue R, which is activated by intracellular Cu(l) levels (in addition, Cue R is also 
activated by Ag(I)) (Outten et al., 2000), and efficiently removes Cu(l) when 
concentrations rise above an intracellular threshold level, calculated to be > 10-18 M 
(O'Halloran and Culotta, 2000). Gram-negative species, such as E. coli and 
Pseudomonas aeruginosa, encode additional copper translocation proteins in contrast to 
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Gram-positive species, which serve to translocate Cu ions across the outer membrane, to 
protect the periplasmic space from metal-induced oxidative damage (Rensing and Grass, 
2003). Two different systems have been described which protect the periplasm, Cue 0, 
and the cus system (Rensing et al., 1999; Grass and Rensing, 2001). Cue 0, encodes a 
multi-copper oxidase, which is predominantly responsible for expulsion of Cu ions from 
the periplasm, although has also been noted to have a role in Cu detoxification from the 
cytoplasm; however, given the lower affinity of Cue 0 compared to Cop A (3 [tM 
compared to 1.5 ttM required to activiate the Cop system), it is likely that Cue 0, is 
employed only during times of overt toxicity (Munson et al., 2000). Additionally, the cus 
system, a family of resistance nodulation cell division (RND) proteins, or proton driven 
transporters, aids in efficient periplasmic detoxification. This family is made up of 4 
genes, cus CFBA, encoding a copper-extrusion complex (Outten et al., 2001), although 
not as efficient as either Cop A or Cue 0, the cus system does not require oxygen to 
function, and its activity is measurable under both aerobic and anaerobic conditions 
(Munson et al., 2000). 
Recent sequencing efforts on bacterial strains isolated from copper-contaminated 
environments have elucidated a plasmid, pco, responsible for copper-resistance (Brown et 
al., 1995). The pco cluster specifies seven genes, pco ABCDRSE, and is analogous to the 
chromosomal Cop system found within Pseudomonads, which encodes six genes cop 
ABCDRS, arranged on two operons, cop ABCD and cop RS (Cooksey, 1994; Silver and 
Phung, 1996). The intracellular arrangement and role of each gene is shown in Fig. 1.4. 
Both systems are regulated by a two-component system, possibly Cus RS (Rouch and 
Brown, 1997). 
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Figure 1A Potential mechanisms of the Pseudomonas Cop pathway of Cu detoxification 
(Within this diagram Cop genes are analogous to plasmid based Pco genes). Copper 
enters the periplasm through an, as yet, unspecified outer membrane protein (Omp). The 
function of the outer membrane protein CopB is currently unknown, however, it may 
either bind Cu(II) ions directly, or mediate their binding to a periplasmic biomolecule, 
such as a siderophore. Periplasmic Cu(l) can be oxidized to less toxic Cu(Il) ions 
through the multi-copper oxidase CopA, which can be extruded into the cytoplasm 
through the CopD transporter via the CopC shuttle. Once inside the cytoplasm, Cu ions 
are either assimilated, or bound up in metalloproteins, such as metal lothi onein, and 
stored, or directly effluxed out of the cell by a number of membrane spanning 
transporters (not depicted). (Drawn from Rensing and Grass, 2003 and Teitzel and 
Parsek, 2003). 
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Zinc - As with copper, the role of zinc as an important nutrient leads to specialized 
operons to ensure an adequate supply of zinc, as the metal plays an essential role within 
catalysis, protein structure and as a signal ion (Blencowe and Morby, 2003). A core 
group of genes responsible for zinc uptake is the chromosomally based Znu ABC cluster. 
Work with E. coli has shown that this uptake system has high affinity with the Zn cations 
(Blencowe and Morby, 2003), and is dependent on ATP for uptake. Based on similarity 
studies with the Mn(II) transport system of Synechocystis (Bartsevich and Patrasi, 1995), 
the protein encoded by ZnuA is thought to be a periplasmic Zn (11) binding protein 
located on the outer membrane. ZnuB has similarlity to an ABC (ATP-binding cassette) 
transporter, while ZnuC is an ATPase spanning the cytoplasmic membrane (Patzer and 
Hantke, 1998). 
Similarly, the proteins involved in the active export of zinc from the cell also utilize the 
energy derived from ATP hydrolysis and are identified as soft metal ion-translocating P- 
type ATPases. ZiaA purified from Synechocystis is transcriptionally regulated by a 
downstream promoter, DaR, which confers increased Zn(II) tolerance, and a reduction in 
intracellular Zn(II) accumulation (Thelwell et al., 1998), by mediating the efflux. of Zn(II) 
from the cytosol to periplasmic space of cyanobacteria. Likewise, the ZntA gene, 
characterized from E. coli, is a member of the P-type ATPase superfamily (Sofia et al., 
1994). In contrast to ZiaA, ZntA is responsible for the efflux of both Zný+ and Cd 2+ , 
possibly due to the structural similarity of these two cations. Transcriptional activation of 
ZntA is dependent on Zn(II) concentration, being repressed by a low intracellular Zn(II) 
concentration; however, transcription must be tightly controlled as upregulation actively 
reduces intracellular Zn concentrations rapidly (Blencowe and Morby, 2003). Knock- 
out experiments within E. coli suggest that this ATPase is the primary mechanism of 
modulating Zn(II) concentrations, with mutant cells unable to adapt to altered Zri 
conditions (Blencowe and Morby, 2003). Furthermore, the Michaelis constant (Km) of 
Zn(II) transport via ZiaA is approximately 10 ttM, which is similar to the labile 
intracellular Zn(II) concentration, enabling E. coli to respond rapidly to minor changes in 
cytosolic content (Rensing et al., 1997). 
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Bacterial metallothionein - In addition to specific operons responsible for the 
detoxification of metal ions, prokaryotic cells contain a number of different 
metalloproteins which act as chaperones to escort or usher potentially toxic ions away 
from sensitive intracellular proteins (Ciechanover, 1998). Of these, perhaps the best 
known metalloenzyme, that sequesters metal ions and mediates metal-dependent gene 
expression is metallothionein (Hamer, 1986; Kille et al., 1994; Sofia et al., 1994; Daniels 
et al., 1998; Palmiter, 1998). Metallothionein is a non-essential, small protein, whose 
cysteine-rich residues are well conserved from prokaryotes to eukaryotes (Vasak and 
Hasler, 2000; Blindauer et al., 2002). Metallothionein is inducible by a range of metals; 
however, its affinity for various ions differs with generally higher affinity for Zný+, than 
Cd2+, Cu2+ or Hg2+ (Blindaueretal., 2001). Despite being widely researched in a variety 
of organisms, the complete function of metallothionein is yet to be elucidated. Reports 
based on eukaryotic organisms suggest that it acts like a 'metal sponge', a coincidental 
property, rather than an evolutionary consequence (Vallee, 1987). There is also evidence 
that metallothioneins may function as cytosolic chaperones of the more physiologically 
important metal ions, serving as an internal transport mechanism to deliver divalent 
cations to apo-proteins (Jacob et al., 1998; Jiang et al., 1998). Recent advances within 
genome sequencing technology have observed that prokaryotic metallothioneins are 
widespread within cyanobacteria and Pseudomonas (Robinson et al., 1990; Blindauer et 
al., 2002), contradicting earlier notions that metallothionein was in fact confined to 
eukaryotic species. Luisi (1992) proposed that bacteria avoided the metabolic costs of 
zinc homeostasis by not employing zinc-fingers, proteins that require the binding of 
Zn(II) to ensure correct folding (Cox and McLendon, 2000). However, metallothionein 
has recently been described in a number of prokaryotes, including P. aeruginosa, P. 
putida and E. coli (Blindauer et al., 2002), and has been extensively characterized the 
cyanobacteria Synechococcus (for example, Turner and Robinson, 1995) and protein 
sequence homology has been found within Magnetospirillium magnetotacticum, P. 
fluorescens and Staphylococcus epidennidis (Blindauer et al., 2002), while nucleotide 
homology has been found within 0scilatoria spp., Thermosynechococcus spp. and 
Gleobacter violaceus. The proteobacterial species represent the typical laboratory 
prokaryotes whose genome and physiology is extensively studied; therefore, it is very 
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likely that further probing within a typical species will confirm that the bacterial 
metallothionein (Smt) is widely dispersed. 
Within cyanobacteria metallothionein is encoded by the gene SmtA, which increases in 
abundance upon exposure to elevated concentrations of metal ions (Olafson et al., 1980), 
as noted by an increase in SmtA transcripts (Huckle et al., 1993). SmtA transcription is 
controlled by SmtB; a trans-acting metal-dependent repressor (Morby et al., 1993), and is 
a member of a metalloregulatory protein superfamily, forming a two component system 
with ArsR (Blindauer et al., 2003). The expression of SmtA is repressed by SmtB 
binding to an imperfect inverted repeat sequence situated between the sites of 
transcription and translation of SmtA (Huckle et al., 1993). Such regulation is also 
sensitive to light fluctuations of intracellular metal content, with the potential binding of 
Zn(II) causing rapid dissociation from the bound complex (Turner et al., 1996). 
1.4 The Limitations of Culture Based Studies 
A sizable percentage of our understanding of microbial physiology and microbial/ metal 
interactions comes from laboratory experiments using clinical strains of, typically, a- 
proteobacteria, mainly E coli or a Pseudomonas species. This raises the question of how 
representative such studies are of actual environmental reactions? Correlating laboratory 
observations to those occurring in the field is one of the major challenges within 
microbial ecology. The small fraction of organisms which can be cultured from the 
environment are not necessarily the most numerically dominant or the most ecologically 
relevant, but are made up of species which can grow on laboratory media (Hugenholtz, 
2002). This has profound implications for assessing environmental health using culture- 
based methods; therefore, in the following work we have attempted to investigate in situ 
microbial/ environmental interactions purely from a culture-independent viewpoint. 
Recent whole genome sequencing efforts have emphasized the difference between 
laboratory or clinical microbial strains and those isolated from environmental samples. 
Recent studies have highlighted the existence of a 'Pan-microbial' genome consisting of a 
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core genome of genes related to housekeeping functions, the cell envelope regulatory 
functions and transport and binding proteins (Tettelin et al., 2005), and a number of 
smaller genomic islands related to strain-specific genes, as has been found for both 
Thermotoga maritima (Mongodin et al., 2004) and Streptococcus agalactiae (Tettelin et 
al., 2005). The genomic island is normally representative of gene transfer to enhance 
survival within a specific environment, and while in a specific strain the core genome can 
make up the majority of the genome (nearly 80 %), the rest of the genome is derived from 
horizontal and vertical gene transfer, and encodes genes specifically related to the 
localized environment (Tettelin et al., 2005). In some respects, given the contribution 
from the environmental gene pool and integration through horizontal gene transfer (Jain 
et al., 1999; Barkay, 2005), transformation and transposition (Tettelin et al., 2005), it is, 
perhaps, more appropriate to classify microbes as ecotypes rather than as species (Rocap 
et al., 2003; Ward and Cohen, 2005). An ecotype can be described as a basic genome 
adapting to localized geochemistry by gaining and losing functional genes related to 
metal or antibiotic resistance, carbon mineralization, nitrogen conversion or mineral 
dissolution. It is therefore logical to take an approach within the environment that allows 
for the direct investigation of such genes, their prevalence and expression, from 
envirom-nentally extracted DNA. Such approaches pose considerable technical obstacles 
in terms of the extraction of high-quality DNA, and also in terms of specific primer 
design, to allow targeting of a single species within the environment. In previous studies 
functional genes have always been amplified from environmental samples using 
degenerate primers (Macur et al., 2004; Sun et al., 2004), which increases the variability 
and uncertainty associated with ecotoxicological studies. 
1.5 Specific Aims and Hypotheses of Thesis 
The predominant aim of this research was to develop prokaryotic biological markers of 
environmental contamination under the working framework previously established for 
eukaryotic biomarkers (Handy et al., 2003). An example of the derivation, optimization 
and potential application of freshwater invertebrate biomarkers are described in later 
chapters of this thesis, with the objective of providing an overview of the theory behind 
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biomarker-development. The development of microbial biomarkers can be further 
divided into two sub-aims and hypotheses. 
1. A comparative study of microbial community diversity along a gradient ofmetal- 
polluted riverbed sediments of the Clark Fork River, W and control sites of low metal 
pollution at the Little Blackfoot River and Upper Mill Creek, Aff. 
Metal pollution imparts selective pressures on the microbial environment, which 
influences both species diversity and turnover through a number of interrelated 
mechanisms, including, adaptation, competition and selection. Previous research has 
revealed a contrasting picture of microbial community responses to metals, with studies 
demonstrating increased community diversity (e. g. Sorci et al., 1999), at environmental 
sites contaminated with multiple metals. In contrast studies showing a significant 
reduction in species diversity predominantly stem from sites characterized by an 
excessively high load of single metal concentrations (e. g. cadmium, Roane and Pepper, 
2000; mercury, Rasmussen and Sorensen, 1998). It is hypothesized here that within the 
Clark Fork River (CFR) contaminated with multiple metals, correlations will be found 
between sediment metal concentrations and high microbial community diversity. 
Decreasing community diversity is expected to be observed along a decreasing metal 
gradient, and metal concentrations will be recognized as the main driver behind 
community shifts. Microbial diversity was assessed using PCR twinned with denaturant 
gradient gel electrophoresis (DGGE), which denatures the 16S rRNA gene, allowing 
electrophoresis to separate a complex community of microbes into single bands 
representative as individual species. The relative community diversity was subsequently 
resolved using the Jaccard relatedness equation, and spatially visualized via principal 
components analysis (PCA). Further univariate and multivariate statistical analysis were 
employed to assess correlations between diversity and river factors (including metal 
concentrations, nutrient loads, and physico-chemical factors). 
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2. To investigate the prevalence offunctional genes related to metal detoxification, 
homeostasis andphysiological stress within metal polluted sediment, and develop 
methods to quantify specific genes as a prokaryotic biomarker ofecosystem health. 
It is postulated that in response to selective stressors such as presence of metals, the 
species possessing genes related to reducing metal toxicity (including detoxification and 
antioxidant systems and heat shock proteins) will become numerically dominant. We 
hypothesize that such genes will be more prevalent within metal contaminated sites, and 
therefore amenable to amplification through PCR. Within this framework, protocols 
were developed for quantitative analysis of gene expression using real-time quantitative 
PCR (RT-qPCR), under the working hypothesis that elevated expression of stress genes 
will be correlated with sites of higher metal concentrations. This aim was achieved using 
a bioinformatics approach to design primers for specific genes, gradient PCR to 
determine the annealing temperature of each primer set, and general PCR to establish 
gene prevalence. Furthermore, real-time quantitative PCR was used to examine 
expression of genes using DNA extracted from sediment-dwelling microbes. The results 
were correlated with metal loads, nutrient concentrations and physico-chemical factors 
using both univariate and multivariate statistical methods. 
Thesis Organization 
This thesis has been organized to include an overall introduction to the work, followed by 
two chapters detailing materials and methods, the first (chapter 2) describing biochemical 
techniques used to assess invertebrate health and the second (chapter 4) outlining the 
optimization of molecular microbiological methods for in situ and in vivo work. Chapter 
3 illustrates the application of traditional biochemical biomarkers used to examine 
various aspects of physiological health of a freshwater mussel, D. polymorpha and the 
isopod A. aquaticus during a temporal exposure to an essential trace metal, copper, and 
the non-essential acutely toxic arsenic. Chapter 5 assesses the use of microbial diversity 
as a biomarker of environmental contamination, supporting the initial observations by 
examining a temporal view of microbial diversity in response to changing abiotic and 
25 
geochemical conditions in the CFR. Chapter 6 depicts the use of both general and real- 
time quantitative PCR (qPCR) to examine the prevalence and expression of different 
genes along a metal gradient in the Clark Fork River. Expression observations from field 
samples were backed up by a number of laboratory exposures, during which planktonic 
cultures of P. acruginosa were exposed to zinc, cadmium and arsenic and growth rates 
were monitored and gene expression assessed with reverse-transcription quantitative PCR 
(RT-qPCR). The final chapter outlines future research directions, scenarios in which the 
use of microbial biomarkers may be invaluable and overall conclusions to the work. 
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Chapter 2 
Development and Optimization of Invertebrate Biochemical 
Biomarkers 
Biochemical biomarkers to investigate invertebrate health in response to chemical 
contamination are well established (Handy et al., 2002a; Handy et al., 2003); however, 
the widespread use of these biomarkers does not negate the requirement to tailor the 
protocol to the individual organism. Within this chapter the derivation and development 
of the biomarkers is described and the optimization for application with Dreissena 
polymorpha and Asellus aquaticus detailed. Also described is the preparation required 
for the first assessment of Na+W-ATPase within the selected freshwater invertebrates. 
2.1 Organisms 
D. polymorpha, of shell length 30 - 50 nim, were provided by David Aldridge 
(University of Cambridge, UK). Sexually mature A. aquaticus of 5 -10 mrn total lengths 
were purchased from Blades Biological (Edenbridge, Kent, UK). Mytilus edulis were 
collected from a local reference site, Whitsand bay, Cornwall. M edulis were employed 
to calibrate the biochemical assays in the absence of D. polymorpha, due to biochemical 
similarities between the two species. 
2.2 Chemicals 
All chemicals used for biochemical biomarkers, unless specified, were provided by 
Sigma (Dorset, UK). 
2.3 Stock Organisms 
Stock organisms of A. aquaticus and D. polymorpha were kept separately in 40 L glass 
aquaria containing 30L of filtered Plymouth tap water (mean : I. SE, n= 4/ organisms, pH 
= 6.91 :t0.5; temp = 16. t I 
'C; Cu = 0.86: t 0.03 and As = 0.26 t 0.01 [tg/L 
respectively), with a stock concentration of 
30 mussels and 50 isopods per tank. M. 
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edulis were acclimated within Instant Ocean (Sarrebourg, France) for a week prior to 
being used for biomarker optimization in order to allow depuration. Aquaria were 
cleaned, water replenished and organisms fed three times a week on (in the case of 
Dreissena) an algal mixture (Pavlova lutheri, 200 ml at 106 cells/L), while Asellus were 
fed on oak leaves colonized by fungi. Feeding ceased 48 hours prior to the start of 
experiments. 
2.4 Invertebrate Biochemical Biomarkers 
2.4.1 Metallothionein 
Metallothioneins (MT) are low-molecular-weight, cysteine-rich, metal-binding proteins, 
induced by various physiological and toxicological stimuli, MT and MT-like proteins 
have been isolated and characterized from a wide array of species, including 
microorganisms (Blindauer et al., 2002; Busenlehner et al., 2003), invertebrates (Downs 
et al., 2001; Langdon et al., 2005), fish (Schlenk et al., 1993; 1997), mammals (e. g: in 
horse, Margoshes and Vallee, 1957) and humans (West et al., 1990). That MTs respond 
rapidly to metal induced physiological stress has been the basis of their inclusion as 
metal-specific biomarkers in many studies (Hebel et al., 1997; Pedersen et al., 1998). In 
particular, MT levels within bivalve mollusks have been commonly employed for both 
freshwater and marine monitoring programs because of their ability to bioaccumulate 
environmental contamainants (Ringwood et al., 1998; Cajaraville et al., 2000; Downs et 
al., 2002). 
Assay Optimization 
The spcctrophotometric method of assessing MT levels in invertebrates, originally 
developed by Viarengo et al (1986), has been the most widely used method of 
quantifying MT levels (Galloway ct al., 2002; 2004; Brown et al., 2004), possibly due to 
the rapidity of the assay; however, there are several drawbacks. Traditional application 
of this method employs initial liquid nitrogen tissue grinding steps to prepare the tissue; 
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this step is not only time-consuming, but also dangerous, as inadequate ventilation may 
cause dizziness and unconsciousness (MSDS, 1998). In order to negate this step, and to 
speed up the assay, a sucrose-based buffer (300 mmol 1-1 sucrose; 0.1 mmol I" EDTA; 20 
mmol 1-1 3-4-(2-hydroxyethyl)piperazine-l-ethanesulfonic acid (HEPES); adjusted to pH 
7.4 with a few drops of 20 mM Tris HCI), was used for tissue preparation. Furthermore, 
rather than quantifying MT relative to an ambiguous starting sample volume as for 
previous application, the method should quantify MT by equivalence to functional 
cysteine units in the protein; therefore equations for this were derived. Prior to use within 
exposure experiments the two tissue preparatory methods were employed with both A. 
aquaticus and M edulis tissue to compare both the technique, and the reproducibility of 
the results (Figure 2.1). Additionally, homogenate concentrations were compared to 
assess a suitable range for use within the assays, and to assess MT assay detection limits 
(Figure 2.2 a, b). Finally, individual organism responses were evaluated through brief 
exposure periods to either arsenic (at nominal concentrations of 87 or 212 [tg/ L) or 
copper (at nominal concentrations of 60 or 100 gg/ L). D. polymorpha (n= 4/ treatment) 
or A. aquaticus (n = 16/ treatment) were exposed for 96 hours to nominal concentrations 
of As or Cu within 6L plastic vessels containing 5L Plymouth tap water (pH = 7.11 
0.5; temp = 16. t I 'C; Cu = 0.56 :t0.03 and As = 0.14 ± 0.01 [tg/L respectively). 
Following exposure, organisms were snap-frozen in liquid nitrogen, and stored at - 80 
T, before being used for biomarker analysis. 
Results of Optimization 
Results (Figure 2.3 a, b) display increasing levels of NIT with increasing levels of Cu; 
however, a drop in MT levels for organisms exposed to As. Conclusions drawn from the 
optimization of this assay suggest that the sucrose method is certainly transferable for 
bivalves, as shown by the close quantity recovery of the NIT protein from M edulis and 
later with D. polymorpha. Additionally, while there was a noticeable drop in recovery of 
A. aquaticus MT, the advantages of negating a potentially dangerous liquid nitrogen step 
for MT recovery ensures that the sucrose step is favourable. With further practice, MT 
recovery from isopods was similar to that with the liquid nitrogen step (see control results 
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of exposure study, Fig. 2.3 a). It also appeared that the limit for MT detection was not 
reached with the homogenate concentration optimization assay, therefore, homogenate 
volumes used in subsequent assays was set at 0.15 ml (A. aquatics) and 0.3 ml (D. 
polymorpha). 
Figure 2.1: Method comparison: examination of MT recovery with two different 
preparation methods. (* shows a significant difference between the sucrose and liquid 
nitrogen methodologies, P<0.05,1-way ANOVA). 
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Figure 2.2: Brief exposure experiments of both isopods and bivalves to assess MT 
inducibility (* denotes significant differencc between sample and control P<0.05,1 -way 
ANOVA). 
1000 
O 900 
CL 
CM 800 
700 
Z 600 
om 
z 500 
400 7v 
Ö 300 
200 
100 
z0 
(a) Asellus aquaticus 
T 
T 
T 
Control Cu 60 Cu 100 As 87 As 212 
«g/ L µg/ L µg/ L µg/ L 
E 700 0 (b) Dreissena polymorpha 
+' T P 600 
CL 
a 
E 500 
i 400 
CA j 
300 
är 
200 
r 
0 100 
°' io 
* 
T 
Control Cu 60 Cu 100 As 87 As 212 
µg/ L Eag/ L µg/ L Egg/ L 
* 
r 
32 
Definitive Assay Protocol 
Metallothionein activity was determined by a modification of the colorimetric method of 
Viarengo et al (1997), using 5,5-dithiobis-2-nitrobenzoic acid (DTNB). Whole tissue of 
D. polymorpha gill and digestive gland, or whole body of A. aquaticus, previously stored 
at - 80 OC was homogenized (Polytron PT1200, Kinematica AG speed, 3x 10 second 
bursts) in 5 volumes of sucrose buffer. Then 150 - 300 gl of defrosted homogenate was 
added to 30 [d I mM phenylmethanesulfonyl fluoride (PMSF) and 2.5 ml I mM 
dithiothreitol (DTT), and sonicated (Heat systems Inc, Ultrasonics, W-385, using 3x 15 
second cycles; 40 % duty cycle; output control 4). Samples were then centrifuged at 
55,000 rpm at 4 OC for 70 minutes (Beckman TL 100 ultracentrifuge). MT was collected 
(in triplicate) from the resulting supernatant by a two-step extraction using ethanol and 
chloroform at 4T according to Viarengo et al (1997). The final pellet was resuspended 
in Tris-EDTA solution (5 mM Tris-HCI, I mM EDTA, pH 7) and MT activity 
determined after reaction with DTN13 (Viarengo et al., 1997). The absorbance of each 
sample of DTNB-treated MT fraction was quantified, in triplicate, on a microtitreplate 
read at 412 mn (OpfimaxTm tunable microplate reader, Molecular devices). The amount 
of -SH groups within each experimental sample was calculated using glutathione 
standards (0 - 65-08 nmol -SH), and MT levels determined as follows. 
The listed glutathione standards (Table 2.1) form a calibration curve (Fig. 2.5) used to 
calculate amount of nmol of SH within each sample. Determination of the 
metallothionein concentration depends on the number of cysteine residues within the 
metallothionein protein, which is species specific (M. edulislD. polymorpha=21 
cysteine residues; A. aquaticus = 19 cysteine residues). 
Determination of the total amount of protein within the sample: 
Cell Protein = Protein of sample (10ingliml) x Volume of supematant for Purification (0.5mi) 
Solutions added (2-53ml) + Initial Hornogenate Value (0.3ml) 
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NB; It should be noted that the initial homogenate value will change between 0.1 ml and 
0.3ml depending on the organisms used. 
Calculation of the MT specific activity in each sample requires the number of nmol of SH 
from the calibration curve for each sample divided by the species-specific number of 
cysteine residues, standardised against the sample protein (Section 2.4.4). 
MT specific activity/ sample was then standardised against NIT molecular weight (which, 
following extensive literature searches is undetermined, but thought to be approximately 
6,00ODa), to give micrograms of metallothionein/ gram of protein. 
nmolMT/g protein = MT specific content x MW of MT (6000) 
Table 2.1: Preparation of glutathione standards used to infer MT -SH concentrations 
when quantifying MT. I mM GSH stock solution was made up in methanol, while 10 
mM Tris-EDTA was prepared in water and adjusted to a pH 7.4 using IN HCL 
Absolute amount of -SH Tris-EDTA Glutathione 
(nmol) 
I 
(MI) 
I 
(MI) 
0 300 0 
0.184 299.5 0.5 
1.627 299 1 
4.068 297.5 2.5 
8.135 295 5 
16.27 290 10 
32.54 280 20 
65.08 260 40 
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Figure 2.3: Standard curve showing how optical density relates to absolute amount of 
thiol (-SH) units for accurate quantification of MT in invertebrate organisms. 
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2.4.2 Na+/K+ -A TPase 
The NPKý - ATPase (sodium pump) maintains the high Na 'and K+ gradients across the 
plasma membranes of animal cells, and is the major determinant of cytoplasmic Na' 
levels (Therien and Blostein, 2000). As such, the sodium pump has a vital role regulating 
cell volume, cytoplasmic pH and Ca2+ though Na+/ H+ and Naý/Ca2+ exchangers, and in 
driving Na+-dependent glucose and amino acid transport (Fig 2.4). Active Ne uptake 
across the gills of freshwater organisms requires a membrane proton pump (V-ATPase) 
that actively pumps H+ ions out of the cell, mediating the uptake of Ne entry vial apical 
channels, the major proton pump in this case is the NPW - ATPase enzyme (Pierrot et 
al., 1995; Brooks and Llyod-Mills, 2003). This pump is also responsible for the efflux of 
Na+ from the cell into the blood against an electrochemical gradient (Handy et al., 
2002b). There exists a substantial body of literature detailing the sensitivity of the 
Na+/K+ - ATPase enzyme to intracellular and extracellular metal ions, and inhibition 
through metal/ enzyme interaction has been widely reported (Morgan et al., 1997; Li et 
al., 1998; Brooks and Lloyd-Mills 2003). 
The precise mechanism behind Na+IW - ATPase enzyme inhibition attributable to metal 
ions is debatable (Handy ct al., 2002b); however, it maybe achieved through non-specific 
binding of thiol groups by the metal ion (Morgan et al., 1997), and also by competitive 
binding to the Mg 2+ binding site (Li et al., 1998). The consequences of Na+/K+ - ATPase 
inhibition have manifested as whole-body ionoregulatory disturbance (Wood et al., 1996) 
leading to cellular death. 
The efficiency of Na+IW'- ATPase activity is therefore of vital importance to an 
organism's physiological functioning, and it is for this reason it was chosen as an 
indicator of physiological detriment. Furthermore, the significance of NeW - ATPase 
activity merits further inclusion within an ecotoxicological. framework where previously 
it has had very little, for these reasons existing assays were adapted and optimized to 
assess Na+IW- - ATPase activity within novel freshwater invertebrates. 
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Figure 2A Structure of cellular transport pores highlighting the Na'/K' - ATIase 
common to both eukarotic and prokaryotic organisms. (I -ATPase). Adapted I'l'oni I landy 
et al., 2002b. 
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Assay O1)timi: ution 
The assay has not previously been used to investigate freshwatcr invertebrate Na'/K' - 
ATPase activity so optimization was required. Initially, crude homogenate 
concentrations were evaluated to identify that most favorable for tile exposure assays. 
The difference between spectrophotometric absorbance values of the two media is 
proportional to the ATPase assay, and the greater that distance tile more accurate the 
assay. Consequentially, the assay was optimized to elucidate the greatest difference at 
the lowest hornogenate concentration. 
Resulhs o/ Op/irni=ution 
This concentration was chosen based on the relative levels ot'Na'/K' - ATPase activity 
measured with each concentration and the relative difference between average 
absorbance values of potassium containing media and ouabain containing media (Figure 
2.5 a, b), used to calculate phosphate release. Crude homogenatc (50 pl) was chosen 1`61- 
both 1). pohmorpha and A. uqualicus assays, as it showed the highest divergence of' 
absorbaricc values and subsequent phosphate release. 
3 
Figure 2.5: Crude homogenate based optimization to elucidate the most efficient 
concentration for distinguishing the largest difference between two absorbance values at 
the lowest homogenate concentration possible, aiding the sensitivity of the assay. 
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Definilive AssaY Prolocol 
Na'/K' - ATPase activity was 
determined in crude tissue hornogenate using a 
modification of Silva et a] ( 1977). The assay was optimized for use with invertcbrate 
tissue, and reagent volumes decreased for use with a microtitreplate reader. Briefly, 
samples were defrosted and homogenized as described above. ('rude honlogenates were 
centrifuged at 18,000 g (Eppendorf centrifuge 5415 D) for I minute to remove debris. 
Then 50 1AI of the clean hornogenate (supernatant) was added to K' containing media (111 
mmol 1-1; 100 NaCl, 10 KCI, 5 MgCl,, 5 Na, ATP. 20 HEPES, ad 
- 
justed to pI 1 7.4 with it 
few drops of 2 mM Tris-base), while a further homogenate all iquot ot'5O Ill was added to 
a second K' free media (as above, without KCI and plus 0,1 niniol 1-1 ouahain). After 
incubation (37 OC for 20 minutes), reactions were stopped (I nil ofice-cold 8.6 11/0 
trichloroacetic acid) and free phosphate measured by adding I nil freshly-prepared CO]OUr 
reagent (9.6 % FeSO_,. 6H, O, 1.15 "0 (w, /v) ammonium heptaniolybdate in 0.66 MI I-,, So., ) 
and absorbances measured at 630 nm (OptinwxTM tunable rnicroplatc reader, Molecular 
devices), against phosphate standards (0 -2 mmol 1-1), an example ot'which is shown III 
Fig. 2.6. 
Figure 2.6: Calibration curve for phosphate standards for calibrating free phosphate 
release for the Na'/K' ATPase. 
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2.4.3 Thiobarbaturic AcidReactive Substances (TBARS) 
The phenomena of reactive oxygen species (ROS) toxicity is universal, primarily 
generated (- 87 %) through aerobic respiration (Cabiscol et al., 2000), but also through 
intracellular interactions with metals, in particular during metal redox reactions (Del 
Razo et al., 2001). Once generated, superoxide (02'-) leads to a cascade of ROS, 
including interactions with fatty acids resulting in lipid peroxidation (Camejo et al., 
1998). The formation of a major product of lipid peroxidation, malondialdehyde, reacts 
with thiobarbituric acid in an reaction that can be followed spectrophotometrially to 
provide a measure of peroxidation (Viarengo et al., 1991; Camejo et al., 1998). 
Quantification of lipid peroxidation products induced during metal stress has been used in 
a number of toxicological studies to demonstrate detriment to membrane integrity within 
both invertebrates (Schlenk et al., 1997; Downs et al., 2001; Correia et al., 2002) and 
vertebrates (Sagara, 1998; Wang et al., 2005). While exposure to a both essential and 
non-essential metals may increase levels of peroxidative products, conclusions on the 
oxidative potential of arsenic is not as well understood. Whereas Zaman and Pardini 
(1995) observed inorganic arsenic (111) to elevate oxidative stress within the freshwater 
fish, Channa punctatus, neither Pedlar et al. (2002) or Schlenk et al. (1997), by contrast, 
found As to cause no significant oxidative stress in fish cells or tissues. 
Definitive Assay Protocol 
Total lipid peroxidation products were measured by TBARS according to Camejo et al 
(1998). Briefly, 100 mg of tissue was homogenized by hand (using a glass homogenizer) 
on ice in five volumes phosphate buffered saline (PBS (tablets from SIGMA), I mmol I" 
EDTA). Homogenate (40 pl) was added to a well of a 96-well microtitreplate (in 
triplicate), containing 1 mmol 1-1 butylated hydroxytoluene (2,6-di-0-tert-butyl-4- 
methylphenol), and the final volume made up to 200 ttl with I mmol 1-1 PBS (adjusted to 
pH 7.4). Following this, 50 % (w/v) trichloroacetic acid (TCA) and 1.3 % (w/v) 
thiobarbituric acid (TBA) (dissolved in 0.3 % (w/v) NaOH), were added, and the plate 
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incubated at 60 T (60 minutes) and then cooled on ice. Absorbance was recorded 
initially at 530 nm and than at 630 nm (Optimaxrm tunable microplate reader, Molecular 
devices) to normalize samples for any turbidity prior to reading against 1,1,3,3- 
tetraethoxypropane (0.5 - 20 nmol 1-1) standards. The standard curve for this reaction is 
shown in Fig. 2.7. 
Figure 2.7: Standard curve for thiobarbituric acid reactive substrate assay made up of the 
malondialdehyde equivalents 1,1,3,3-tetraethoxypropane. 
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2.4.4 Protein Detennination 
Protein was determined from 20 RI (in triplicate) of each homogenate according to Handy 
and Depledge (1999). Homogenate (20 td) was diluted in I ml distilled water and added 
to a clean test tube of solution A (0.9 ml) (I g potassium sodium tartrate, 50 g sodium 
carbonate in 250 ml of IM sodium hydroxide, made up to 500 ml with distilled water) 
was added to the test tube, and the solution incubated at 50 OC for 10 minutes. After 
cooling to room temperature, 0.1 ml of soution B (1 g potassium sodium tartrate, 0.5 g 
copper sulphate, 5 ml IM sodium hydroxide made up to 50 ml with distilled water) was 
added and incubated at room temperature for 10 minutes. After which 3 ml of solution C 
(I volume Folin Ciocalteau reagent, 15 volumes of distilled water) was added and the 
tube. The tube was vortexed, and incubated at 50 T for 15 minutes. After cooling to 
room temperature, 300 ttl of sample from each test tube was dispensed into a 
microtitreplate well and absorbance read at 630 run (OptimaxTm tunable microplate 
reader, Molecular devices). 
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Chapter 3 
Differentiating Copper and Arsenic ToxicitY Using 
Biochemical Biomarkers in se us aquaticus and Dreissena 
polymorpha 
3.1 Abstract 
Biomarkers of metal exposure are well known, but it is unclear how a suite of such 
biomarkers will respond if the metal is also an oxidizing agent or causes oxidative stress. 
This study compares the effects of copper and arsenic, two metals with different 
oxidizing potential, on freshwater invertebrates. Dreissena polymorpha and Asellus 
aquaticus were exposed to nominal concentrations of copper (100 gg/L) or arsenic (80 
gg/L) for 7 days, and physiological stress investigated by measuring metallothionein 
(MT) induction, thiobarbituric acid reactive substances (TBARS) and Na+/ K+-ATPase 
activity. Both species showed increased levels of MT during 7 day Cu - exposure tests, 
and transient changes in lipid peroxidation (TBARS) that decreased to control levels by 
day 7. Arsenic had no effect on TBARS in D. polymorpha over 7 days, although initially 
induced lipid peroxidation in A. aquaticus on day 3. No inhibition of the Nel K+- 
ATPase enzyme was observed for exposed organisms and baseline values reported here, 
A. aquaticus IA gmol Pi/ mg/ h and D. polymorpha 0.38 Amol Pi/ mg/ h, are thought to 
be the first reported for these species. 
3.2 Introduction 
Within eukaryotic species, metal responsive biomarkers include the induction of 
metallothionein (MT) protein (Hogstrand and Haux, 199 1; Viarengo, 1997), MT mRNA 
(Roesijadi, 1994), inhibition of Na+W-ATPase (Beckman and Zaugg, 1988; Pagliarani et 
al., 1996) and Ca-ATPase (Handy and Burke, 2003), changes in whole body electrolytes 
(Grippo and Dunson, 1996) and metal accumulation (Rainbow, 2002). When these 
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biornarkers are used together in a weight of evidence approach (Handy et al, 2003) it is 
possible to indicate whether organisms are being exposed to toxic metals, and whether or 
not metals are the causative agent of adverse biological effects. 
However, some metals are also redox active and can produce oxidative stress in addition 
to the biochemical response normally associated with metal toxicity (e. g. Cu, Baker et al, 
1998; Correia et al., 2002). The consequences of metal-induced oxidative injury include; 
inhibition of ATPases (Pagliarani et al., 1996), altered metal binding and function of MT 
(Reus et al., 2003) and loss of tissue electrolytes (Wood, 1992) associated with lipid 
peroxidation of cell membranes. Clearly there are concerns that metal toxicity may be 
enhanced in the presence of redox active metals, and, it would be useful to have a suite of 
biomarkers that can be used to differentiate between metals that directly cause oxidative 
stress and those where oxidative damage is a secondary toxic mechanism. In this study 
we explore this idea by examining changes in biochemical biomarkers in response to two 
metals with different redox chemistry; the pro-oxidant copper, catalyzing the Haber- 
Weiss reaction, and arsenic, the oxidizing ability of which is not clear (Schlenk et al., 
1997; Pedlar et al., 2002). 
Arsenic is a naturally occurring widespread anthropogenic metalloid with environmental 
concentrations normally between I- 10 p g/L, reaching milligram concentrations in 
polluted mining areas (Mukhopadhyay et al., 2002). Arsenic is structurally analogous to 
phosphate and can be taken up by phosphate transport systems (Nies and Silver, 1995) 
into organisms including algae, invertebrates and fish (Knowles and Benson, 1983). 
Arsenic accumulates intracellularly as either trivalent (arsenite) or pentavalent arsenic 
(arsenate), with arsenite considered as the more toxic species (Schlenk et al., 1997; Del 
Razo et al, 2001). Arsenite toxicity involves inhibition of aerobic metabolism, by 
covalently binding to respiratory chain cysteine groups (Chen et al, 1998). However; 
Pedlar et al. (2002) and Schlenk et al. (1997) suggests that, despite interaction with thiol 
groups, As does not cause significant oxidative stress in cells or tissues. 
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In contrast, the mechanism of Cu toxicity is thought to be different to that of As (Handy, 
2003). Copper enters the cells through Na-sensitive pathways and can cause acute 
toxicity by inhibition of NaK- ATPase (Grosell et al., 2002) in gill tissue with 
consequential whole body ionoregulatory disturbance. Chronic Cu toxicity also effects 
cell turnover, tissue repair and the functions of body systems where Cu is normally 
required (Handy, 2003). Additionally, it is a pro-oxidant agent and may interact with 
proteins and lipids in the cell (e. g. fish liver, Baker et al., 1998). Biomarker responses of 
invertebrates to Cu. exposure have been studied extensively in marine systems (Ringwood 
et al., 1998; Brown et al., 2004), but to a lesser extent in freshwater invertebrates (Correia 
et al., 2002). 
This chapter aims to explore differential responses of biochemical biomarkers within 
eukaryotic organisms as an example of how complex toxic mechanisms may be resolved 
using a suite of biomarkers. In particular, we begin to explore the importance of 
oxidative injury in the temporal progression of biomarker responses traditionally 
associated with metal toxicity (e. g. MT induction, ATPase inhibition) during 7-day 
exposures. Additionally, we chose freshwater invertebrates species because of the dearth 
of biomarker data on freshwater invertebrates, and the subsequent development of 
prokaryotic biomarkers will also occur within freshwater rivers. These include, 
Dreissena polymorpha, the zebra mussel, which has widespread distribution in rivers of 
Europe, and increasingly so in North America. D. polymorpha is sedentary, long-lived, 
has a high filtering capacity, and is a known accumulator of toxic organics and metals 
and thus makes a worthy analogous sentinel species to Mytilus edulis (Gossiaux et al., 
1998; LaFontaine et al., 2000). The freshwater isopod, Asellus aqualicus, was also used, 
because of its ecological importance and utility as a test organism. The results of this 
study underlie the importance of biomarker choice for investigating metal toxicology, and 
form the basis for our later choice of genomic biomarker with microbial species. 
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3.3 Materials and Methods 
Details of organism acquirement, handling and biomarker assays can be found in Chapter 
2. 
3.3.1 Experimental Design 
D. polymorpha or A. aquaticus (16 animals/ tank in triplicate, 48 animals/ treatment) 
were randomly allocated to 6L plastic experimental tanks containing 5L of filtered 
Plymouth tap water. A. aquaticus and D. polymorpha were exposed within the same tank 
to the following conditions; no added metal (untreated), 100 gg /I total copper, added as 
copper chloride (CUC12.2H20)9 or to 80 gg /I total arsenic, added as sodium arsenite 
(NaAs02)- Metal stock solutions were initially made up with distilled water. Water was 
completely renewed daily (n = 9; Mean pH ± SE. 6.82 ± 0.17; temperature, 16.58 ± 1.3 
'C; dissolved oxygen, 8.04 ± 0.43 mg/L), and the appropriate dose of either the copper or 
arsenic salt added, stock solutions of both metals was made up to 500 gg/l, and 
appropriate volume added to experimental tanks to give the nominal metal concentration. 
Prior to organism exposure, the relevant concentration of Cu or As were equilibrated with 
the plastic tanks to eliminate loss of aqueous metal by adsorption to the tank walls during 
the experiment. Aqueous concentrations of Cu and As were chosen to be sub-lethal doses 
to allow progression of the biomarker responses to be followed; As amphipod LC50 = 860 
gg/L (Lima et al., 1984), Cu amphipod LC50 = 400 gg/L (Taylor et al.. 199 1). 
Transient responses of the biomarker assays (below), were investigated by collecting 
animals at day 0,3 and 7. Whole Asellus and the digestive gland and gill of Dreissena 
were excised and immediately snap frozen in liquid nitrogen, and stored at -80 'C until 
required for biochemical analysis. NeW-ATPase was performed on mussel gill 
samples, while both MT/ TBARS were carried out on excised digestive gland samples. 
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3.3.2 Trace Metal Analysis 
Inductively coupled plasma mass spectrometry (ICP-MS) was used to analyze trace metal 
levels in water samples, following the method of Stetzenbach et al. (1994). Five ml of 
exposure and untreated water were sampled in sterile plastic tubes (Fisherbrand 15 ml 
polystyrene tube) at day 1,3 and 7. The samples were preserved with one drop of 
concentrated nitric acid (HN03) and compared with mixed Cu/ As (III) standards (0 - 
500 gg/L). 
3.3.4 Statistics 
Statistical analysis was performed using MINITAB 13 software (PA, USA) and 
Statgraphics 4.0 Plus@ software (Statistical graphics, Rockville, MD, USA). Normality of 
data means was assumed by running homogeneity of variance tests (Andersen - Darling 
test). Data distribution was analyzed using 1 -way Analysis of Variance (I - way 
ANOVA) to investigate time-course responses in treatments. Non-parametric data was 
analyzed using Kruskal-Wallis test. All analyses were set at P<0.05. All data are 
presented as a mean value ± standard error. N values within text and graphs reflect the 
pooled data gathered from the exposure tanks in the study (n = 9). 
3.4 Results 
3.4.1 Metal Exposure and Survival 
During the 7-day exposure study, no treatment-dependent mortalities were observed for 
either Dreissena polymorpha or Asellus aquaticus. Measured metal concentrations were 
close to nominal concentrations, and were (mean ± S. E. of samples collected on days 1-7, 
n= 9) 98 ± 4.07 and 74 ± 6.23 Vg/L for Cu and As, respectively. Untreated control 
water contained levels of Cu at 0.87 ± 0.03 pg/L and As at 0.26 ± 0.01 pg/L. 
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3.4.2 Na'IK'-ATPase analysis 
Mean Ne/K-ATPase activity in untreated control A. aquaticus were 1.08 ± 0.08 Rmol 
Pi/ mg/ h and 0.38 ± 0.15 gmol Pi/ mg/ h in D. polymorpha, while inhibition was not 
found in either species exposed to Cu or As (Fig. 3.1). Indeed, mean Na'/W-ATPase 
activity in crude homogenates of arsenic-exposed D. polymorpha was significantly 
elevated above the corresponding untreated control values (ANOVA, P=0.047, n= 9) 
after 3 days. This effect was transient in nature, and returned back to day 0 levels by day 
7. However, while NeIW-ATPase activities of Cu-exposed D. polymorpha varied 
considerably (Fig. 3.1b) from day 0 to day 7, there were no statistically significant 
(ANOVA, P=0.2179) trends over the 7-day time course. NeW-ATPase activities of 
Cu. and As-exposed A. aquaticus remained relatively constant over 7 days. 
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Figure 3.1: Na+/K'-ATPase activity (p mol Pi/ rng/ h) in untreated and treated (a) A, %elhls 
aquaiiclts and (b) Dreissena polvinorpha. Activities were recorded prior to the beginning ofthe 
experiment (day 0) and again at day 3 and 7 ofthe experiment. * denotes a significant difference 
(11 < 0.05) between treatment group and control value. Ol = 6/ species/ time point, Fri-or hars 
represent the standard error of the data) 
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3.4.3 Metallothionein 
Crude homogenates of unexposed control mussels showed baseline values for NIT levels 
of 440.75 ± 2.85 gg MT/ g protein, while A. aquaticus levels were 381.7 ± 5.06 ggMT/g 
protein. A. aquaticus exposed to either Cu or As for 3 days had MT levels similar to that 
of the control values (449.8 ± 5.2 and 379.1 ± 5.9 jigMT/g protein respectively, Fig. 3.2a) 
and for Asellus exposed to As (542 ± 5.3 9gMT/g protein, ANOVA, P=0.0049). After 7 
days NIT values for As-exposed Asellus were also significantly elevated above that of 
NIT values at day 3 of exposure (ANOVA, P=0.0022). 
A transient rise in MT levels of As-exposed mussels was observed between day 0 and 
day 3 (from 447.6 ± 3.7 to 480.8 ± 4.6 gg MT/g protein), which declined back towards 
baseline levels at day 7 (454.5 ± 5.9 gg MT/g protein, Fig. 3.2b). However, there was no 
significant difference over the time-course of the experiment (ANOVA, P=0.1178 and 
0.1068 at day 0 and 7 respectively) or between control levels for As-exposed mussels 
(ANOVA, P=0.0934). Copper also exerted no statistically significant effects on D. 
polymorpha exposed over 7 days (ANOVA, P=0.5447), although a transient increase in 
values from day 0 to day 7 (456.3 ± 3.4 and 497.1 ± 8.5 gg MT/g protein, respectively) 
was observed (Fig. 3.2b). 
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Figure 3.2: Metal lot hionel n level (pg MT/ ,, protein) of untreated and trealcd (a) A. Se/111-Y 
aqualicuN and (b) Dreissena 1)oIYmorj)ha. MT levels were recorded prior to the start oftlic 
experiment (day 0) and at day 3 and day 7 during the experiment. Statistical analysis with 
ANOVA showed; * statistical differences (P < 0.05) between the treatment group and 
corresponding control group. ** Statistical siCgnificant difference (P < 0.05) in MI'levels between 
arsenic exposed AwIlits measured at day 7 compared to measurements taken at (Jay 7. (n = 6/ 
species/ tirne point, F-Irror bars represent the standard error ofthe data). 
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3.4.4 Thiobarbituric Acid Reactive Substances (TBARS) 
Levels of TBARS for untreated control species were 1.42 ± 0.25 mnol TBARS/ mg 
protein for A. aquaticus and 1.05 ± 0.12 nmol TBARS/ mg protein for D. polymorpha. 
Investigation of the time-course of TBARS found significant elevation of lipid 
peroxidation in Asellus exposed to arsenic, and Dreissena exposed to Cu (Fig. 3.3). Cu 
induced a statistically significant elevation of TBARS by day 3, during the exposure of A. 
aquaticus (ANOVA, P=0.0366), although this oxidative stress decline to background 
levels by day 7. 
However, As caused a statistically significant elevated levels of TBARS in A. aquaticus 
over the first 72 hours of exposure to 2.63 ± 0.42 nmol TBARS/ mg protein, 54 % above 
that of untreated control organisms after 72 hours (ANOVA, P<0.05), and 51 % above 
day 0 values of As-treated Asellus. TBARS in As-exposed Asellus then declined by day 
7 to levels similar to background TBARS values (1.27 ± 0.28 nmol TBARS/ mg protein, 
Fig. 3.3a). 
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Figure 3.3: Lipid peroxidation measured as TBARS (ni-nol TBARS/ ing protein) FOI- untreated and 
treated (a) Aselliff aquaticus and (b) Dreissena polYmoqVia. TBARS levels were recorded prior 
to exposure and at day 3 and 7 during the experiment. Statistical analysis using ANOVA sho\ked. 
Statistical differences (P < 0.05) between the treatment group and corresponding control 
group. ** Statistically significant difference.,,, (P < 0.05) between copper treated 1). at 
day 7 when compared to levels at day 0 and 3. *** statistically significant dil'I'crences (I'< 0.05) 
between D. polymoqVia exposed to Cu at both day 3 and 7, when compared to mussels exposed 
to As sampled at the sarne time point. (n = 6/ species/ time point, Error hm-s represent the 
, standard error of the 
data) 
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In contrast with A. aquaticus, mussels exposed to Cu displayed significantly elevated 
TBARS over the time course of the experiment (Fig. 3.3b). Following 72 hours, TBARS 
levels were 2.46 ± 0.18 nmol TBARS/ mg protein, declining slightly at day-7 (2.10 
0.27 nmol TBARS/ ing protein). Both values were significantly higher than the 
respective controls (ANOVA, P=0.03 and 0.0013 at days 3 and 7 respectively), and the 
day 0 values (ANOVA, P=0.037 and 0.027 for days 3 and 7, respectively). Arsenic 
exposed Dreissena displayed no evidence of oxidative stress; TBARS levels were similar 
to untreated controls throughout the 7 day exposure time (ANOVA, P=0.4525). A 
comparison of exposed D. polymorpha records TBARS levels to be significantly elevated 
during Cu exposure relative to arsenic exposed individuals when compared at both day 3 
and day 7 (ANOVA, P=0.001 and 0.0058, respectively). 
3.5 Discussion 
The aim of this current study was to compare the temporal progression of biomarker 
responses to two metals with different modes of toxicity actions on two freshwater 
invertebrate species. Sub lethal concentrations of both metals were chosen (Brooks and 
Lloyd-Mills, 2003; Brown et al., 2004) that enabled measurable changes in biomarker 
responses in both organisms without overt toxicity. Overall, Asellus aquaticus showed a 
delay in MT induction during As compared to Cu exposure, and showed a transient rise 
in TBARS during As exposure that was absent in the Cu-exposed group. Thus the 
temporal changes in the biomarker response are different for the two metals. 
Experiments with Dreissena polymorpha also showed some differences in the temporal 
responses of the biomarkers to the two metals, and these were also different with Asellus 
aquaticus indicating both metal and invertebrate species effects. 
3.5.1 Na+IK+-ATPase 
This study is the first to report baseline activities of the Na+/K+-ATPase in these 
organisms. Analysis of crude homogenates found enzyme activites in A. aquaticus (1.1 
gmol pi/ mgI h) and D. polymorpha (0-38 Amol Pi/ mg/ h) to be comparable to those 
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previously reported for rainbow trout (0.65 gmol Pi/ mg/ h, Grosell et al., 2000), the gill 
of European eel (0.74 ginol Pi/ mg/ h, Grosell et al., 2000) and crayfish podobranchs 
(0.96 ADP/ mg/ h, Grosell et al., 2002). However, given the ubiquitous importance of 
this enzyme in maintaining cellular Ne: Ký ratios and membrane potential (Handy et al., 
2002b), it is unfortunate that few studies employ NeW-ATPase activity as a biomarker 
of pollutant insult. 
The Na/W-ATPase is well known for its inhibition by trace metals such as Cu (e. g. 
Beckmann and Zaug, 1988; review, Handy et al., 2002b). However, the present study 
recorded no inhibition by either metal on D. polymorpha or A. aquaticus over 7 days, 
indeed our results show elevation of activity over the first 72 hours of exposure in D. 
polymorpha exposed to arsenic (Fig. 3.1). This is in contrast to the few other 
measurements on invertebrates, which are at least available from Cu exposure. Brooks 
and Lloyd-Mills (2003) exposed the amphipod, Gammarus pulex, to concentrations of Cu 
varying from 10 to 1,000 [tg/L over 24 hours and observed that concentrations as low 10 
gg/L would significantly inhibit the activity of Ne/K+-ATPase. The transient rise in 
Ne/K'-ATPase activity in D. polymorpha at 72 hours (Fig. 3.1 b) n-dght reflect the need 
to correct electrolyte losses during As exposure, and perhaps Cu exposure. However, 
arsenic is clearly not a powerful ATPase inhibitor in vivo (Schlenk et al., 1997). 
Pagliarini et al (1996) also observed increased activity in gill Ne-Ký-ATI? ase during zinc 
exposure in the mussel, Mytilus galloprovincialis, suggesting some compensatory role of 
the Ne pump during low-level metal stress. 
3.5.2 Metallothionein 
The induction of MT during trace metal exposure is well known in aquatic organisms 
(Roesijadi, 1994), and MT chelates excess intracellular metal ions to prevent toxicity 
(Huang, 1993). In this study, significantly (ANOVA, P<0.05) higher levels of MT were 
recorded during 7-day exposure of Asellus to both Cu and As compared to corresponding 
controls and day 0 values (Fig. 3.2a). There are relatively few reports of MT induction in 
invertebrates from freshwater ecosystems; however, from what literature is available, it 
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appears Cu - induced MT induction in A. aquaticus is similar to the response of other 
freshwater invertebrates exposed to Cu. Correia et al. (2002) noted a 27 % increase of 
MT in Gammarus locusta exposed to 10 pg/L Cu for 10 days. Similarly a five - fold 
elevation of MT in Tigriopus brevicornis was found during 96 hour Cu exposure tests 
(Barka et al., 2001), while Ringwood et al. (1998) recorded a 102 % MT induction in 
oysters Crassostrea virginica exposed to 80 pg/L Cu for 14 days. This study, to our 
knowledge, is the first reported effect of As on MT in a freshwater invertebrate. D. 
polymorpha showed a variable MT induction that was not statistically significant over 
time, unlike the responses to Cu and As in A. aquaticus (Fig. 3.2). Lecoeur et al (2004), 
found MT not to be inducible by Cu during 2 month exposures of the zebra mussel, and 
therefore cautioned against the use of MT as a biomarker for metal stress in D. 
polymorpha. The present data set supports this notion. 
3.5.3 Thiobarbituric Acid Reactive Species (TBARS) 
The measurement of lipid peroxidation provides a relative measure of the potential for 
the Cu and As to cause oxidative injury. The results indicate that while Cu causes lipid 
peroxidation, As fails to induce statistically significant oxidative stress in most exposure 
conditions, other than a transient rise in TBARS at day 3 for Asellus exposed to As (Fig. 
3.3). The failure of As to increase TBARS is simflar to reports elsewhere (catfish liver, 
Schlenk et al., 1997; blood plasma of Whitefish, Pedlar et al., 2002). However, acute 
exposure in insects Musca domestica and Trchoplusiani may result in secondary 
oxidative stress associated with arsenic exposure (Zaman and Pardini, 1996). Copper 
exposure also caused oxidative stress, in both Dreissena and Asellus by day 3 of Cu 
exposure (Fig. 3.3). This is not surprising given the pro - oxidant effects of Cu on tissue 
(Stohs and Bagchi, 1995) and Cu-induced oxidative stress in crustaceans (Correia et al., 
2002) and molluscs (Brown et al., 2004), under similar experimental conditions to this 
study. 
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3.5.4 Integrated Biomarker Response 
This study has focused on the use of biochemical biomarker to follow time - dependent 
trends in the biological effects copper and arsenic, with the intention of investigating 
prospective oxidative damage caused by each metal. If the cellular effects of metals 
followed a simple linear aetiology over time, then one might expect initial disturbances to 
electrolyte balance (inhibition or stimulation of Ne-W-ATPase), followed by MT 
induction to protect the cells from injury, and eventually lipid peroxidation when MT and 
other cellular metal chelators are overwhelmed. This is not the case in either Asellus 
aquaticus or Dreissena polymorpha, suggesting that these biomarkers, respond in parallel 
or independently, but not in a series, over time. 
In Dreissena polymorpha, Cu and As exposure are differentiated by the stimulation of 
NeK+-ATPase and the absence of changes in TBARS for the latter metal. For the Cu 
exposure, the elevation in TBARS by day 3 during Cu exposure is perhaps not surprising 
given the time-delay in elevation of MT. In the case of Asellus aquaticus during Cu 
exposure, a rise in MT levels may have reduced bioreactive Cu levels in the tissue to 
prevent lipid peroxidation (Figs 3.2a & 3.3a). However, in the As exposure TBARS 
increased before MT was induced, suggesting that As-dependent induction of MT is not 
fast enough to prevent lipid peroxidation. This time-dependant elevation of MT 
following lipid peroxidation was also noted in previous work with invertebrate species 
(Corriea et al., 2002; Ringwood, 1998). The mechanisms of how As may slow MT 
induction is uncertain, but the ability of As to bind to thiol and cysteine rich proteins 
(Chen et al., 1998; Del Razo et al., 2000) could perturb MT biosynthesis. The protection 
of tissues from metal injury by MT induction would also imply less electrolyte leak 
through damaged cell membranes, and less strain on the Na pump to correct ion balance. 
It is therefore logical for NaKý-ATPase activity to fall towards normal once MT is 
induced (Fig 3.1 & 3.2). D. polymorpha also displays heightened susceptibility to the 
peroxidative role of Cu, manifested as a significant elevation relative to corresponding 
control and As-exposure values. 
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In conclusion, a suite of biomarkers show differing temporal responses to Cu and As 
exposure, which also vary with the species of invertebrate used. This suggests careful 
selection of the test species is needed for monitoring over acute time scales, and a 
continuous series of biomarker measurements over time, rather than a single 'snap-shot' 
is likely to rationalize oxidizing versus other effects of toxic metals in the environment. 
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Chapter 4 
Development and Optimisation of Molecular Microbial 
Techniques 
The water and sediments of the Clark Fork River, Montana (CFR) are loaded with 
extremely high concentrations of metals and, common to all freshwater sediments, 
contain humic and fulvic acids; it is therefore, an extremely difficult matrix from which 
to extract DNA. Because of their chemical nature, both metals and organic acids have 
the ability to bind compounds to reactive functional groups (Stevenson 1976), impinging 
on the efficiency of DNA - DNA hybridization, inhibiting Taq polymerase activity (Tsai 
and Olsen, 1992; Zhou et al., 1996; Bachoon et al., 2001), and interfering with restriction 
endonuclease (Rochelle et al., 1995; Prosser 2002). Unfortunately, commercially 
available DNA extraction kits are unable to effectively sequester metals or remove 
organic contaminants during DNA extraction. Additionally, many of the existing 
molecular techniques for DNA extraction and amplification are inadequate for targeting 
functional genes in a single species from a complex microbial community. It was 
therefore, necessary to modify and improve existing protocols and devise original 
methods to purify high-quality DNA from sediment. 
4.1 Sediment Washing 
A wide range of additives may be used to solubilize both organic and inorganic 
contaminants in sediments. Edwards et al. (1991) demonstrated that the non-ionic 
surfactant Triton X-100 could solubilize organics such as phenanthrene, pyrene and 
naphthalene. While a number of studies have verified the ability of EDTA to sequester 
and remove lead, cadmium and zinc from soils and sediments (Doong et al., 1998; Fortin 
et al., 2001; Wasay et al., 2001). 
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The washing buffers described in Fortin et al. (2001) were tested and optimized on CFR 
sediment, and it was subsequently found that the EDTA concentration in the buffers had 
to be increased, while vortex and centrifugation times needed to be lengthened, 
presumably due to the very high metal contamination in CFR sediments. Sediment (5 g) 
from each CFR site were thawed and first washed with 10 ml buffer A (50 mM Tris - 
HCI, pH 8.3,200 mM NaCl, 5 mM Na2EDTA, 0.05 % Triton X-100), by vortexing for 4 
minutes and centrifuging for 3 minutes at 3,000- x g. The supernatant was removed and 
the sediment pellet washed in buffer B (50 mM Tris-HCI pH 8.3,200 mM NaCl, 5 mM 
Na2EDTA), and centrifuged as before. The pellet was finally washed in buffer C (10 mM 
Tris-HCI, pH 8.3,0.1 mM Na2EDTA), vortexed 4 minutes and centrifuged for 3 minutes 
at 3,000-x g. The washed sediment was then used to extract DNA. 
4.2 DNA Extraction and Purification 
A combination of methods was employed to extract DNA of sufficient purity for 
amplification via PCR. Crude DNA was extracted from washed sediment samples using 
a commercially available kit (BIO 10 1 Fast DNA spin kit for soil, BIO 10 1 Systems, 
Carlsbad CA) with modifications to the manufacturer protocol (all buffers and reagents 
for crude DNA extraction are supplied by BIO 101, and reagent-specific catalogue 
numbers are stated in brackets). Approximately 0.5 g of CFR sediment was added to a 
matrix lysing tube (containing 0.75 g of silica beads (diameter 0.1 mm)) with 978 VI 
sodium-phosphate buffer (6560-406) and 122 gI MT buffer (6511-202), and cells were 
lysed in a bead-beating machine (FAST PREP) for 35 seconds at 6.0 m/s. Immediately 
afterwards, tubes were placed on ice and allowed to cool, before being centrifuged at 
10,000 xg for I minute. Supernatant was transferred to a new autoclaved 1.5 ml 
eppendorf tube and 250 VI of protein precipitation solution (PPS) (6560-203) added. 
Solutions were mixed by inverting 15 times and spun at I 0,000-x g for 10 minutes at 4 
OC, to precipitate the pellet. The supernatant was transferred to a clean 15 ml tube and I 
ml of a DNA binding matrix solution (6540-408) added. The tube was inverted for 4 
minutes and placed in a rack for 4 minutes to allow the binding matrix to settle. The tube 
was then vortexed and 500 [d added to a SPIN filter tube (6560-2 10) and centrifuged at 
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6,000 xg for 1.5 minutes, this step was repeated until all the binding matrix had been 
transferred onto the spin filter. The DNA bound in the matrix was washed with 500 gl 
SEWS-M (6540-405) (containing 100 % ethanol) by centrifugation at 6,000-x g for 1.5 
minutes. This step was repeated 3 times, decanting flow-through when necessary. The 
SPIN filter was centrifuged at 6,000-x g for 5 minutes to dry the matrix of residual 
SEWS-M, and the filter then placed in a catch tube (6560-211) and air dried within a 
laminar fume hood for at least 30 minutes. Between 50 and 100 pl diethyl pyrocarbonate, 
(DEPQ water was added and the pipette tip used to gently resuspend the matrix from the 
filter surface, before centrifuging at 6,000-x g for 3 minutes. 
While universal sequences designed around the bacterial 16S gene could be amplified 
following crude DNA extraction, failure to amplify functional genes proved that this 
method is incomplete, as contaminant inhibitory matter was still present at low 
concentrations and the DNA was of insufficient purity. Therefore, DNA purification 
techniques were devised to produce high quality DNA to facilitate in species-specific 
DNA amplification. A number of studies have proved the usefulness of further DNA 
purification using a variety of methods including, in-gel patch electrophoresis (Roh et al., 
2005), organic purification (Bruce et al., 2000), physical purification (Lemarchand et al., 
2005), the use of commercially available spin kits (Park and Crowley, 2005) and by 
pulse-field gel electrophoresis (Tyson et al., 2004). An organic purification method was 
devised to purify crude DNA that may still retain either inorganic or organic 
contaminants. Extracted crude-DNA (50 pl) was aliquoted into a fresh 0.5 ml 
microcentrifuge tube and an equal volume of phenol: chloroform: iso, - amyl alcohol (25: 
24: 1) (Fisher Biotech Fair Lawn, NJ) added, the solution was vortexed and centrifuged 
for 10 minutes at 14,000-x g to separate phases. The top aqueous layer was removed to a 
fresh 0.5 ml tube and 50 gI chloroform: iso - amyl alcohol (24: 1) added, the solution was 
vortexed and centrifuged at 14,000-x g for 10 minutes. The top layer was again removed 
and placed in a clean 0.5 ml microcentrifuge tube. 0.5 volumes of 4M ammonium acetate 
(NH40Ac) (Sigma, St Louis, MO) and 2.5 volumes of 95 % ethanol were added, 
vortexed and incubated overnight at - 20 
T for DNA precipitation. The solution was 
then centrifuged at 14,000-x g for 20 minutes and the supernatant removed, the resulting 
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pellet was washed with 200 pl of 80 % ethanol, and centrifuged for 5 minutes at 14,000 x 
g. The supernatant was removed and the pellet air-dried in a laminar flow hood for 8 
minutes to remove all residual ethanol. The pellet was then dissolved in 20 pl of milli-Q 
water and stored at - 20 T. 
Following extraction and purification, DNA samples were spectrophotometrically 
quantified at 260 nm (Nanodrop ND-1000, Deleware, USA), using I pI of sample. 
4.3 Bacterial strains, media and growth 
A number of different species and strains used in this thesis were obtained from different 
sources either within the Department of Microbiology or Land Resources and 
Environmental Sciences at Montana State University, Bozeman, Montana. Escherichia 
coli strain K- 12 was provided by Timothy McDermott; chemically competent E. coli was 
provided by Michael Franklin and also grown up in the Ford Laboratory; Pseudomonas 
aeruginosa strain PAO I was provided by Susan Broadaway; and Ralstonia picketti was 
supplied by Barry Pyle. 
in order to validate in situ biomarkers, culture based metal exposures were designed to 
examine growth rates and expression of selected metal detoxification and hoMeostasis 
genes, and those related to an organism's general stress response. Pseudomonas 
aeruginosa strain PAOI, was streaked on tryptic soy agar (TSA, Difco, DE), and cultured 
overnight at 37 *C, after which a single colony was suspended in 100 ml of 1/10-strength 
tryptic soy broth (TSB, Difco, DE), and grown overnight at 37 T to an OD (@ 660 nm) 
of 0.4, on a rotary shaker, in a 250 ml Erlenmeyer flask. Stock solutions of arsenic (as 
sodium arsenate, Sigma-Aldrich, MO), cadmium (as cadmium chloride, Sigma-Aldrich, 
MO) and zinc (as zinc chloride, Sigma-Aldrich, MO) amended TSB (1/10-strength) were 
prepared to a concentration of 50 mM and sterilized by filtration through a 0.24 Vm filter 
(Wbatman, N. J). Final concentrations for As and Zn (1,3,6 and 12.5 mM) and for Cd 
(0.1,1, and 10 mM), were prepared by diluting 50 mM stock solutions with unamended 
TSB (1/10-strength), to a final volume of 100 ml in 250 ml sidearm flasks. For each 
63 
experiment, unamended 1/10-strength TSB served as a control. Metal concentrations 
were chosen based on literature searches and similarities to concentrations found within 
the most polluted sites of the Clark Fork River. Exponential growth rates of exposed and 
control PAOI were followed at I hour intervals using colorimetry (Klett-Summerson, 
N. Y). 
Cultures were grown for 6 hours in exponential phase, before 2 ml of each culture was 
removed and centrifuged at 10,000 xg for 5 minutes and the supernatant removed, and 
RNA extracted. 
4.4 RNA extraction 
mRNA was extracted from Pseudomonas aeurginosa (PAO 1) cultures using a 
commercially available kit (Ambion Ribopure bacterial kit, Austin, TX) according to the 
manufacturers instructions. Briefly, P. aeruginosa, at a cell density of 1010 cells, was 
pelleted by centrifugation at 3,000 xg for 7 minutes and the supernatant removed. The 
pellet was resuspended in 350 [tl RNAwiz (containing phenol to facilitate cellular lysis), 
and the suspension added to a fresh 2 ml tube containing 250 gg of Zirconia beads. The 
cells were disrupted by bead beating for 1 minute, then incubated on ice for 10 seconds. 
This process was repeated 7 times. Following cellular lysis, the beads and cell-debris 
were collected by centrifugation to form a pellet, and the supernatant containing the RNA 
siphoned off and placed in a new 1.5 ml tube. Chloroform (0.2 volume: RNA volume) 
was added to the bacterial lysate and the tube vortexed for 30 seconds, before being 
incubated at room temperature for 10 minutes. The tube was centrifuged for 10 minutes 
to separate the phases, and the top aqueous phase (containing partially purified RNA) 
removed to a new 1.5 ml tube. 100 % ethanol (0.5 volume: aqueous phase volume ) was 
added to the tube, and the solution passed through a filter cartridge (supplied with the kit) 
by centrifuging for I minute, and the filtrate was discarded. The filter was washed with 
700 [tl mercaptoethanol solution (pre-heated to 37 'Q, by centrifuging for I minute. The 
filtrate was again discarded and the filter retained. This step was repeated with 500 ttl of 
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a second wash solution (Ambion, Austin, TX). RNA bound to the filter was eluted using 
40 gI of elution solution (kit supplied and wanned to 95 T prior to use). 
Following clution, the mRNA was treated with DNase I to remove trace amounts of 
genomic DNA, by adding 4 [d of DNase solution (with accompanying I OX DNase buffer 
at a concentration 1/9"' the original RNA elution volume) was added to the elution 
solution and the tubes incubated at 37 T for 30 minutes. mRNA was then checked for 
quality and quantity using a nanodrop spectrophotometer (Wilmington, DE). Undiluted 
eluted RNA (I pl) was placed onto the nanodrop eye and the quantity and quality 
measured. RNA was deemed of sufficient purity for Reverse Transcription Real Time- 
PCR (RT-RT-PCR) if the A260: A280 ratio fell between 1.8 and 2.1. RNA quality was 
further confirmed by denaturing agarose gel electrophoresis, prepared by adding 37 % 
formaldehyde (final concentration 12.3 M) to a 0.9 % agarose gel, and adding 10 X 
MOPS buffer (400 mm MOPS pH 7.0,100 mM sodium acetate, 10 mM EDTA) to give 
100 ml. I [tg of RNA sample (made to II [tl with nuclease free water, PROMEGA, WI) 
was prepared for electrophoresis by adding MOPS running buffer (10 X), 37 % 
formaldehyde (12.3 M) and formamide to give a final concentration of 50 [d. The 
samples were maintained at 55 T for 15 minutes, then added at a ratio of 5 sample 
volumes: I formaldehyde loading dye (I rnM EDTA, 0.25 % bromophenol blue, 0.25 % 
xylene cyanol, 50 % glycerol) volume, and electrophoresed at 5V/ cm, stained in 
ethidium bromide (for approximately 20 minutes) and visualized on a UV 
transilluminator (Fotodyne, Foto Inc. ) to confirm the presence of the upper 23 S band and 
lower 16S band representing the ribosomal RNA, and the presence of the smaller diffuse 
band representing a 5S rRNA (Fig. 4.1). The purified mRNA was stored at -80 *C until 
required. 
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Figure 4.1: Image is stanied in ethidlum bromide. Ladder is an Ambion IIIIIICIIIIILIIII 
marker (a kbp marker). The figure shows the two ribosonial bands expected from a 
successful mRNA extraction. (Zn = zinc, as the RNA was extracted from Zn amended 
cultures). 
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The PCR technique (Saiki et al., 1985), has, more than any other technique, dramatically 
changed the field of microbial ecology. PCR mediates the exponential amplification of 
low DNA copy numbers to investigate diverse subjects such as prokaryotic phyloicrietic 
relationships withill the ocean (DeLong, 1992,1998), coast', '] environments (Acmas et al., 
2005) and within polluted environments (GIllan, 2004; Reardon et al., 2004, Ford et al., 
2005). 11CR has also becri used quantitatively to asscss gene expression Within biol-IIIIIS 
(Resch et al., 2005) and exposed cultures (Clien ct al., 2003), while also being use(] to 
detect the presence of specific functional genes involved in clivirojuricut,, 11 processes 
(Giliring et al., 2003, Perron et al., 2004), Including sulfate oxi&ItIon (I)cti-I et al., 200 1 
denitrification (Metz et al., 2003) and identificat' II 1 1011 of pathogenic species (Coulard ct al., 
2004). 
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PCR is closely patterned to the natural replication of DNA, and requires the unraveling of 
double stranded DNA to give two single strands. This is achieved by heating the sample 
to 94 T, thus breaking the hydrogen bonds holding the helix together, yet leaving 
covalent bonds between deoxyribose and phosphate. This separation allows the 
annealing of gene primers complementary to a specific target sequence (annealing 
temperatures are dependent on the individual primers), after which, a Taq polymerase 
enzyme, using free nucleotides, extends the two strands recreating the double stranded 
DNA. The Taq enzyme was originally isolated from Thermus aquaticus, from hotsprings 
within Yellowstone National Park (Brock and Freeze, 1969). The thermophilic nature of 
T. aquaticus permits tolerance of high temperatures through thermostable proteins, such 
as the DNA polymerase (Air and Harris, 1974), which may be exploited by PCR. With 
the development of PCR, the potential to target individual genes in environmental 
samples has followed; such a technology boast has made the field of molecular microbial 
ecotoxicology possible. 
4.6 Target Gene Function 
Both general and real-time PCR were used to assess the prevalence and quantification of 
a number of selected genes related to metal handling and general stress responses in the 
widely distributed Gram-negative B-proteobacter, Pseudomonas aeruginosa. Primers 
were designed around sequences downloaded from the P. aeruginosa genome project 
and priming sites assessed using Primer 3 
gi-bin/ /primerIcom) and scitools 12rimer3- 
nerauest/) (derivation of the primer sequence is illustrated 
in Appendix 1.4). After which primers were evaluated for potential hairpin sequences 
using an infold input database www. scitools. idtdna. com/scitools/At)nlications/mfol 
The potential to form hairpin structures should be avoided or minimized as it contributes 
to inaccurate primer binding and amplification. Following primer design, primers were 
assessed for specificity using the NCBI Blast program (www. ncbi. nlm. nih. gov/BLAST/), 
and sequences with similar E-values for different species were discarded. On receipt of 
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primers from Integrated DNA Technologies (Coralville, IA), stock primers of 100 PM 
were made up in nuclease free water using the purity guideline of I Rl =I nmole primer, 
and diluted in nuclease free water to give working concentrations of 25 or 12.5 gM. The 
best concentration was decided during optimization (section 4.5). The primer sequences 
are listed in Table 4.1. The genes chosen are shown in Figure 4.2. 
Table 4.1 (overleaf): Target genes and primer sequences used in this study (and depicted 
in Fig. 4.2) including the individual annealing temperature optimized by gradient PCR, 
and the expected PCR product size,. The E-value represents the probability that the 
sequence recovered following a BLAST search of the sequenced PCR products is due to 
chance alone rather than specific sequence homology. Gene classifications 1= metal 
detoxification gene; 2= heat shock and chaperone genes; 3= antioxidant gene. The 
universal primer pair are used within studies described in chapters 5 and 6, while the 
PA I 6S rRNA primer pairs are used to standardize the abundance of P. aeruginosa in 
chapter 6. 
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Figure 4.2: Hypothetical schematic of Pseudomonas aeruginosa, depicting metal 
handling mechanisms and stress genes assessed in this study (represented in bold type). 
The schematic depicts the fate and transport of a number of environmental cations, 
available through biotic and abiotic dissolution of minerals. CU2' and Zn 2+ are taken up 
through specific transporters and arsenate (AsV) by a phosphate system through mimicry 
of the phosphate ion. Intracellularly the metals are capable of binding to proteins (1) 
through thiol interactions causing denaturation (2) and upregulating different heat shock 
proteins (e. g. HtpX), or causing oxidative stress (3). To prevent this metals may be 
sequestered by proteins (e. g. metallothionein) and stored or directly effluxed (Zn 24 via the 
Czc and Cu 2+ through Cop^ Arsenate must be enzymatically reduced to arsenite (AslIl) 
by ArsC before it may be effluxed. Schematic redrawn from Mukhopadhyay et al., 2002; 
Blencoew and Morby, 2003; Rensing and Grass, 2003) 
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Arsenic ATPase (ArsB) - ArsB is an As (III)/ Se (III) translocating ATPase, extruding 
metal oxyanions (Rosen et al., 1999). ArsB is a 45-kDa membrane-spanning pump 
responsible for the removal of arsenite received from the arsenic reductase enzyme (see 
below). The activity ofArsB has interesting implications for toxicity in the surrounding 
niche, as trivalent arsenic, which is being actively effluxed, is acutely toxic to higher 
biota. 
Arsenic reductase (ArsQ - ArsC is an important gene for the detoxification and efflux of 
arsenic. Both pentavalent and trivalent As can be taken up by the cell through molecular 
mimicry (Ballatori, 2002). As (V) oxyanions in water have three pKa values closely 
comparable to phosphate, and can be taken up by the pit or pst system specific for 
phosphate transport (Mukhopadhyay et al., 2002). Additionally, aqua - glyceroporins, 
responsible for the uptake of glycerol, are a pathway for As (111) influx. Intracellular 
levels of As (111) are chaperoned to the ArsB efflux pump, possibly by the ArsD protein 
(Chris Rensing, pers. comm. ). 
Copper-Binding Protein (CopB) - Within Pseudomonas, the function of CopB is not well 
studied, yet it is thought to have a role in copper chelation at the outer membrane, the 
first barrier of resistance to trace metal toxicity (Canovas et al., 2003). 
Copper Efflux Protein (CopA) - CopA is putatively thought to be a Cu - translocating 
protein, along the lines of previously described P-type ATPases, involved in Cu 
resistance in Escherichia coli (Rensing et al., 2000), while in Pseudomonas pulida, it is 
hypothesized to be a multi-copper oxidase (Canovas et al., 2003), similarly involved in 
chelation and handling of Cu. 
Cobalt, Zinc, Cadmium Efflux Protein (Czc) - Czc was one of the first members of the 
root - nodulation - cell dissociation super 
family to be identified (Saier et al., 1994), on 
the plasmid pMOL30. The plasmid encodes an efflux protein conferring resistance to 
C02+' Zn 2+ and Cd 2+ , as shown 
by diminished accumulation of all three cations resulting 
from efflux driven by proton motive force (Nies and Silver, 1989). 
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Bacterial Metallothionein (Mt) - Mt has been classified a bacterial metallothionein 
although its sequence is different from eukaryotic metallothionein and the majority of 
currently sequenced prokaryotic metallothineins (Fig. 4.3) (Blindauer et al., 200 1). It is 
unclear whether there is analogous function between prokaryotic and eukaryotic 
metallothionein, as neither have a fully defined function. MI is a cysteine-rich low 
molecular weight protein whose expression is elevated upon exposure to various metals 
(Cd, Cu and Zn) (Olafson et al., 1988; Robinson et al., 1990). Metallothioneins are 
frequently used in invertebrate/ vertebrate ecotoxicology, are strongly expressed response 
to specific metals (Schlenk et al., 1997; Brown et al., 2004). 
Figure 4.3: Unrooted neighbor-joining alignment of published prokaryotic 
metallothionein sequences taken from NCBI database, aligned using Bioedit software, 
visualized using treeview program. 
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Mn - Superoxide Dismutase (Sod4) - Superoxide dismutase catalyses the reaction of 
superoxide ions and two protons to hydrogen peroxide and oxygen (Fridovich, 1995). 
Sod4 are major anti-oxidant defense systems in both eukaryotes and prokaryotes, and 
increased expression of both genes is linked to an elevated pro-oxidant environment 
within the cell. 
Catalase (Kat) - Catalase is an important antioxidant enzyme catalyzing the reaction of 
hydrogen peroxide, a potent oxidant targeting sulfur groups on cysteine and methioninc 
residues and 4Fe-4S clusters (Wiedenheft et al., 2005), to water and molecular oxygen. 
Heat Shock Protein (HtpX) - HtpX is a membrane protease responsible for regulation of 
protein structure and function, and is found to increase when physiological stress results 
in an elevation of misfolded proteins. Previous studies with E. coli suggest that the HtpX 
protein is vital for both membrane integrity and organism growth (Koonin et al., 1995). 
Small Heat Shock Protein (sHsp) - Bacterial sHsp are generally low molecular weight (in 
this case - 32 Da) functional chaperones within bacterial cells, aiding in protein folding 
and preventing protein aggregation (Laksanalamal et al., 200 1). sHsp expression has 
been observed to increase following exposure to pollutants (Downs et al., 200 1). 
4.7 General PCR Methodology 
Both culture-extracted P. aeruginosa DNA and prokaryotic DNA extracted from 
sediments of the Clark Fork River (Chapter 5), were amplified on either the Techne PH-3 
thermocycler (Techne Scientific, Princeton NJ or the Eppendorf Gradient Mastercycler 
(Eppendorf, Westburg, NY). Primers were designed as described above (4.4), and the 
general amplification protocol shown in Table 4.3. The master mix for general PCR was 
the same for each reaction (Table 4.2). Throughout the project a number of polymerases 
(purchased from Promega (Madison, WI), Clontech (Palo Alto, CA) and Invitrogen 
(Carlsbad, CA)), buffers and magnesium chloride (MgC12) concentrations were assessed, 
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with Takara's long and accurate Taq (LA-Taq) being the most effective for amplification 
of environmental samples, using the buffer and dNTPs supplied. 
Table 4.2: Master-mix for PCR, according to manufacturers instructions (Takara, 
Madison, WI). *I OX buffer composition: 20 mM Tris HCI, pH 8.0,100 mM KCI, 25 
MM M902,0-1 mM EDTA, I mM DTT, 0.5 % Tween2o, 0.5 % Nonidet P-40,50 % 
Glycerol. ** dNTP (dinucleotide phosphate) composition: dATP, dGTP, dCTP, & dTTP. 
Component Volume In 1 reaction (pl) Final Concentration 
LA - Taq Polymerase 0.5 5 U/ PI 
10 X buffer *5 ix 
dNTP mix ** 8 400 pM 
Primer - Forward 2 pl 0.2 pM 
Primer - Reverse 2 pI 0.2 pM 
Template 1-5 PI 2.5 - 500 ng / 50 pl 
DEPC - water up to 50 PI 
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Table 4.3: Typical thermocycle program for use with both Techne PH-3 and Eppendorf 
Mastercycler. * Annealing temperature is dependent on species gene amplified, and is 
given in Table 4.3. 
Section Temperature Time Function 
I 94 OC 4-7 minutes Denaturation of 
double stranded DNA 
2 94 OC 45 seconds Denaturation of 
double stranded DNA 
3 
42 OC* 45 seconds Annealing of primers 
72 OC 45 seconds Primed region extension 
with Yree'nucleotides 
72 OC 7 minutes Final extension 
This area may be 
re-cycled between 
20 and 30 times 
dependant on Taq 
enzyme and the 
amplified product. 
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Optimization studies focused on determining the annealing temperature of each primer, 
the most critical component of optimizing specificity of the PCR. Theoretically, one of 
two equations listed below ([1]&[2]) can be used to determine the annealing temperature 
Tm, and while this method works well for pure culture-extracted DNA, the conditions are 
too stringent to amplify sediment extracted DNA, where Pseudomonas aeruginosa makes 
up a very small percentage of the Pseudomonas present (Lloyd-Jones et al., 2005). 
Equation [1]: Tm = 2(A+T) + 4(G+C) 
Where Trn = optimal annealing temperature, and A, T, G and C denote the individual 
oligonucleotides making up the primer. 
Equation [21: Tm = 81.5 + 16.6 (log [Na+]) + 0.4 1 (%G+C) - (600/L) 
Where Na+ is the molar concentration of monovalent cations, such as sodium and L is the 
length of the oligonucleotide in bases. 
Both equations show flaws in their derivation as annealing temperatures tend to be 
between 3-5T lower than calculated with equation [1] and approximately 6- 10 
higher than equation [2]. Therefore, while this method may be suitable for amplifying 
genes from pure culture, it is limited in the ability to denote annealing temperature for 
sediment-extracted DNA. The application of gradient PCR has proven more reliable in 
determining temperatures for sediment derived DNA. 
With a standard thermocycler, optimizing annealing temperature is a time consuming 
program requiring many replicates of PCR of individual genes. However, gradient PCR 
(Eppendorf Mastercycler) allows a number of annealing temperatures (up to 10) to be set 
up across the PCR block over the course of one PCR run, allowing the most stringent 
temperature to be calculated. For example, Figure 4.4 displays the gradient thermocycle 
of the A aeruginosa htpX gene, showing non-specific priming when the tested annealing 
temperature was too low, but resolving to one band at 53 T. PCR for each of the genes 
described previously was optimized in this way to give the most stringent annealing 
temperature (Table 4.1). 
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Figure 4A Gradient PCR of the heat shock protem (Htp-A), showing rioil-s i fic specl 
priming at all temperatures except the optimal 53 T. The nentive control IS IILICICaSC- 
free water. 
4. N Real- finle PCR (R T-PCR) 
The real-time PCR technique is based on the 5'-nuclease assay (I jolland ct al., 199 1 
with previous application chiefly within clinical research (Bustin et al., 1999-, Buonarnici 
et al., 2002). Real-time PCR allows amplification of genes present in Imx copy-number, 
alongside it DNA binding dye (in this case SYBR Green) (Filion et al., 2003), which, in 
solution, exhibits little fluorescence, however, after bindirij,, to DNA during annealing, 
and template extension cycles of PCR, al"Plification increases fluorescence. 
Spectrophotornetric monitoring of fluorescence after each cycle allows real-tillic 
assessment of initial gene copy number (Bustin, 2000). R'J--p('Iý shows a 1111111bel- 01, 
advantages over traditional end-point quantitative-I)CR methods (Q-1)('IZ) used in 
previous studies (Bustin, 2002). ad\ -, mtýiges that I)c 11 
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PCR reaction in more detail. At the start of a PCR reaction, reagents are in excess, 
template and product are at low enough concentrations that product renaturation does not 
compete with primer binding, and amplification proceeds at a constant, exponential rate. 
The point at which the reaction rate ceases to be exponential and enters a linear phase of 
amplification is extremely variable, even among replicate samples, but it appears to be 
primarily due to product renaturation competing with primer binding (since adding more 
reagents or enzyme has little effect). At some later cycle the amplification rate drops to 
near zero (plateaus), and little further product is formed. RT-PCR adds sensitivity and 
precision to copy-number quantification by measuring product formation during the 
exponential phase, while previous Q-PCR methods have used end-product gel- 
fluorescence as a measure of starting quantity, a result directly influenced by the rate at 
which vital reaction components (i. e. polymerase, dNTPs, primers) are exhausted, and at 
which a plateau is reached. 
Two separate master-mixes were compared to optimize the RT-PCR; a commercially 
available master-mix (Real-time EX Taq, Takara, Madison, WI), and a master-mix 
developed based on the LA-Taq method used for general PCR (Table 4.2) but adding in a 
SYBR green dye. Additionally, due to the sensitivity of detection, primer stock 
concentrations were reduced from 25 pM to 300 n. M. Thermocycling was the same as 
that described for general PCR (Table 4.1 & 4.3), except the final extension was replaced 
by a melt curve. For the duration of the melt curve the amplification products are melted 
based on their lengths and G/C content, during which a decrease in fluorescence is 
observed and the differential of the melt curve allows the melting peaks to be calculated. 
The melting peaks reflect the products amplified during the reaction, and allow for 
discrimination between the product of interest and the formation of primer dimers or 
products of non-specific priming. 
78 
4.9 RT-PCR Quantification 
Quantification of RT-PCR products was through an absolute method described by the 
manufacturers (Rotor Gene, Corbetts research, Australia). Unknown samples (run in 
triplicate), extracted from CFR, were compared to standards of known DNA quantity (in 
triplicate), in this case Pseudomonas aeruginosa (PAO]), serially diluted to produce a 
standard curve (Fig. 4.5). In each individual case, the standard was amplified with the 
same primers as the samples, and, in order to ensure the same reaction efficiency, 
amplified within the same run as the samples. The starting copy number of each sample 
was determined by a comparison of threshold values (Ct), under the assumption that there 
is one gene copy per genome (Gruntzig et al., 1999) within the P. aeruginosa genome, 
which are 6.3 x 106 base pairs. The Ct is the PCR cycle number at which the samples 
cross the background fluorescence, indicative of detection of SYBR green binding to 
exponentially amplifying products. Once the gene copy number of the sample was 
obtained it was normalized to the 16S-rRNA gene of P. aeruginosa at each site, and copy 
number calculated as a function of the individual weight of the amplified gene (bp 
Avagadro's number), expressed as Daltons (Da), according to Stephenson (2003). 
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Figure 4.5: (a) Graph depicting the real-time trace representing exponential amplification 
of the gene (in this case a serial dilution of a P. aeruginosa 16S rRNA gene) and (b) 
resulting standard curve from the dilution series of P. aei-uginosa (PAO 1) 16S rRNA, 
showing the curve equation used for relative quantification of sediment-associated P. 
aeruginosa. The dotted line (a) indicates the threshold value for quantification (Ct). 
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4.10 Reverse-transcription, quantitative PCR (RT-qPCR) 
A one-step RT-qPCR was carried out on mRNA extracted from exposed cultures using a 
commercially available kit (TaKara Real-Time one-step RNA PCR kit, version 2.0, 
TaKara, Madison, WI). Briefly, PCR master mix (IX real-time PCR buffer, 2.5 units (U) 
AMV RT-ase, 20 U RNase inhibitor, 0.1 gM forward and reverse primers, 0.83 X SYBR 
Green, 2.5 U TaKara Ex Taq, made up to 25 [d with nuclease free water, PROMEGA 
WI) was made up on ice, and 25 ng mRNA sample added. RT-qPCR was performed on 
either the Corbett Rotor gene (Corbett research, Australia) or the Cepheid Smart-cycler 
(Cepheid, Sunnyvale, CA), using a shuttle PCR protocol (Initial reverse transcription, at 
42 T for 15 minutes, inactivation of RTase at 95 T for 3 minutes, followed by a 40 
cycle shuttle PCR protocol with cDNA denaturing at 95 T for 5 see, and annealing at 60 
T for 20 seconds). To check for DNA contamination, control reactions were set-up 
without reverse transcriptase using the Access RT-PCR Introductory kit (Promega, 
Madison, WI) and run under the above conditions on an Eppendorf Mastercycler 
(Eppendorf, N-Y) using the SodA primer set. No amplification above the no-template 
control was observed indicating the RNA samples were free of contaminating DNA. 
Additionally, for each reaction, substitution of the template with water served as a 
negative control. The results are presented as ratios of gene expression between the 
exposed target gene (target) and the control gene (cont. ), obtained according to the 
following equation; ratio = (E target)ACT target (cont. -target) 
(Pfaffl, 200 1), where E is the 
amplification efficiency (obtained by constructing a cDNA standard curve of serially 
diluted cDNA concentrations) and CT is the crossing point of the amplification curve 
above the background fluorescence. Gene expression is considered significantly 
upregulated if corresponding ratios are : -_ 2.0 (Perron et al., 2004). 
4.11 Sequencing Analysis 
The functional genes in this study were sequenced in order to confirin the specificity of 
amplification. Aller running the amplified products out on the gel, a clear and resolute 
band at the expected position, relative to the 100 bp DNA ladder, was excised using a 
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clean sterile scalpel blade and placed in a 0.5 ml tube and the DNA extracted using the 
Qiaquick gel extraction kit (Qlagen, Valencia, CA) according to the manufacturer's 
instructions. Briefly, 3 volumes of a guanidine thiocyanate buffer (kit supplied) were 
added to I volume of agarose gel in a sterile 0.5 ml tube, and the solution incubated at 50 
T for 10 minutes. To aid dissolution the tube was gently vortexed every 2 minutes 
during the incubation. Once completely dissolved, I volume isopropanol (relative to total 
volume) was added and the solution briefly vortexed. The DNA was then bound to a 
Qiaquick spin column by centrifuging for I minute at 13,000 xg in a clean 2 ml tube. 
The elutant was discarded and the spin column placed back into the same 2 nil tube. 
Bound nucleotides were washed in 750 RI of a guanidine hydrochloride buffer (kit 
supplied), and centrifuged at 13,000 xg for I minute, the eluted solution was discarded, 
the spin column replaced in the 2 ml tube again, and centrifuged at 13,000 xg for I 
minute to remove remaining residual buffer. Bound nucleotides were eluted by adding 
30 RI kit supplied elution buffer, and incubating for I minute at room temperature, before 
centrifuging at 13,000 xg for I minute. The quality of purification is assessed by visual 
inspection of products on a 1.2 % agarose gel (Fig. 4.6). 
Figure 4.6: Agarose gel depicting genes purified from PCR products prior to sequencing. 
Bands, I-ArsC; 2 CopA; 3-CopB; 4-Czc; 5-SodA; 6-Kaj; 7- Mt; 8-HtpX-, 9-sHsp. 
Purified products were sequenced using the forward primer specific to each gene target 
and a universal reverse primer (Table 4.1). Sequencing reactions were carried out using 
the Big Dye terminator cycle sequencing ready reaction kit (Applied Biosystems, 
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Warrington, UK), and an ABI 3700 automated DNA sequencer (Applied Biosystems, 
Warrington, UK). Electropherograms were edited using Thromas' freeware (version 
1.45, School of Health Science, Griffith University, Australia). Edited sequences were 
assessed for sequence homology using BLAST, which detects sequence homology by 
finding a series of ungapped sequence-fragment alignments and then assembling the 
ungapped alignments into longer sequence alignments (Altschul et al., 1990). For each 
alignment BLAST provides a p-value indicative of the probability of such an alignment 
between two random sequences, thereby indicating the degree of homology between two 
aligned sequences (Xu, 2004). 
4.12 Cloning and Transformation 
Further investigations into the function of the putative P. aeruginosa metallothionein 
(MY) gene centered on assessment of growth rate and Mt-gene expression in transformed 
Escherichia coli exposed to zinc, arsenic and copper (Chapter 6). Primers for the 
amplification of the whole gene of metallothionein (www. Dseudomonas. or2 were 
designed manually by sequence reading, upstream and downstream of the sequence 
(shown in bold), TGCCCATGGATGAACAGCGAAACCTGTGCCTGTCCCAAATG 
CACCTGCCAGCCCGGCGCCGATGCCGTCGAACGCGACGGCCAGCACTATTGC 
TGCGCGGCCTGCGCCAGCGGCCACCCCCAGGGCGAGCCGTGTCGCGACGCCG 
ATTGCCCCTGTGGCGGCACCACCCGGCCCCAGGTGGCGGAGGATCGCCAGCT 
GGACGACGCGTTGAAGGAGACCTTTCCCGCCAGCGACCCGATCTCGCCCTGA 
CGGAGATCTCAG. These primers amplified the whole 358 bp of the annotated gene 
sequence, which could then be cloned using the TA/TOPO cloning kit (Invitrogen 
Carlsbad, CA). The TA/TOPO method was developed to clone PCR products generated 
with Taq polymerase, as an epitope tag and eukaryotic promotor add an A-overhang to 
the cloned products allowing immediate expression of the transformed sequence. Mt was 
amplified up from a PAO I culture as described in section 4.5 & 4.6, and run on an 
agarose gel to confirm the presence of only one product of the correct bp size, and 
quantified using the nanodrop spectrophotometer. The cloning reaction requires I ýtl 
NaCl solution (200 mM), PCR product (5 ng), I IAI H20 and I VI of the TA/TOPO 
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cloning vector. The reaction mixture was mixed gently, incubated for 25 minutes at room 
temperature and frozen at - 20 T prior to transformation. To check for sequence 
insertion into the vector, 10 RI of the reaction mixture are plated onto LA plates (Difco, 
Detroit, MI) and screened for the presence of white colonies. The white colonies signify 
successfully transformed E. coli. In the case of unsuccessfully transformed colonies (blue 
colonies) the lacZ operon, responsible for colony pigmentation, is still intact, whilc 
conversely, disruption of the lacZ by the ligation of a blunt ended vector (in this case TA/ 
TOPO + Mt), results in the formation of white colonies. Once the presence of white 
colonies is observed, the vector may be used for transformation. 
E. coli were made competent using 1M calcium chloride (M. F. Franklin pers comm. ). 
E. coli colonies were grown in LB medium (Difco, Detroit, MI) overnight at 37 'C. Cells 
were decanted into 50 ml tubes, and cooled on ice for 15 minutes, before pelleting the 
cells by centrifugation at 3,000 xg for 15 minutes. The supernatant was removed and the 
pellet resuspended in 15 MI Of 0- 1M M902 solution by gentle vortexing, before 
incubating on ice for 20 minutes. The cells were then pelleted by centrifugation at 3,000 
xg for 10 minutes, and the supernatant removed. The pellet was resuspended in 6 ml of 
0.1 M CaCl2/ 15 % glycerol solution and cells were separated into 100 RI aliquots and 
stored at -80 T prior to transformation. 
Competent bacteria and the TA/ TOPO vector containing the MI gene (approximately I 
Vg) were mixed gently and incubated on ice for 30 minutes. The cells were then heat 
shocked at 42 T for 30 seconds, to induce DNA uptake, and again incubated 
immediately on ice for 2 minutes. Nutrient broth (200 gI of LB, Difco, Detroit, MI) was 
added and the tube lightly shaken for 30 minutes at 37 'C, and then placed back on ice. 
Transformed E. coli (100 pl) were inoculated onto LA plates (D ifco, Detroit, MI), 
containing 100 ng/ ml ampicillin. The vector cloned into E. coli also confers ampicillin 
resistance, allowing only successfully transformed E. coli to grow. The plates were 
incubated at room temperature for 10 minutes, and incubated overnight at 37T and the 
successful introduction of Mt was confirmed by extracting DNA from the culture (4.2), 
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and amplifying the Mt gene with specific primers (4.5 & 4.6). E. coliMI was then grown 
up to an OD660nm of 0.6 before being used in exposure tests according to the protocol 
previously described (4.3). 
4.13 Denaturant Gradient Gel Electrophoresis (DGGE) 
The denaturant gradient gel electrophoresis assay (Muyzer et al., 1993) employs differing 
gradients of known DNA degraders (urea and formamide) in order to separate complex 
mixtures of PCR-amplified conserved regions of microbial genomes on the basis of their 
melting points, which is in turn a function of their sequence differences (Ward and 
Cohan, 2005). The ability to amplify and separate large 16S regions of uncultured 
microbes gives valuable insight into the diversity and composition of microbial 
ecosystems (Baker et al., 2003). For example, extreme environments such as 
hydrothermal vent ecosystems (Kelley et al., 2005; Marteinsson et al., 2001) from which 
culturable organisms have proved elusive. Furthermore, DGGE has been employed for 
comparative analysis of bacterial diversity in contaminated and clean soils and sediments 
(Powell et al., 2003; Gillan, 2004; Bodelier et al., 2005; Gillan et al., 2005). 
Protocol 
The 16S rDNA gene was amplified using the 1070 forward primer (specific for domain 
Bacteria) and 1492 reverse primer (amplifying a universally conserved region of the 16S 
gene). The forward and reverse sequences used to amplify the 16S genes are listed in 
Table 4.1. PCR mix was prepared as specified in Table 4.2, except the final reaction 
volume was made up to 50 gI using MQ water. 16S rDNA was amplified using a 
touchdown PCR program (Eppendorf Mastercycler), initial denaturation was at 94 T for 
4 minutes, followed by 10 cycles of denaturing at 94 T for I minute, annealing at 65 T 
(reducing by IT each cycle) for I minute, and extension at 72 T for 3 minutes; 
followed by 25 cycles denaturing at 94 'C for 1 minute, 55 OC for I minute, and 72 T 
extension for 2 minutes. The final extension was 72 OC for 30 minutes; the longer time 
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serves to eliminate the presence of double bands in the final denaturant gel (Janse et al., 
2004). 
The importance of the protocol 
Within microbial ecology, DGGE has been firmly established since 1993 (Muyzer et al., 
1993), and has been extensively used to investigate microbial diversity (Gillan, 2004; 
Muyzer, 1999; Powel et al., 2003). Despite its extensive use, the robustness of the 
protocol is still questionable. Amplicon separation is largely dependent on denaturant 
conditions of specific gels, and may vary depending on the source of extracted DNA. In 
order to avoid misleading interpretations of diversity, it is necessary to optimize the 
protocol in terms of the most suitable gradient, once this is achieved, subsequent 
preparation methods should be identical (including the concentration of DNA used), 
samples should be replicated as much as possible on the same gel, and gel-gel 
comparisons should be avoided without using culture extracted standards (Muyzer, 1999; 
Jackson and Churchill, 1999; Fromin et al., 2002). 
Gradient optimization was achieved by analyzing amplified 16S genes from the Clark 
Fork River samples on a range of acrylamide gels of various denaturant concentrations 
(Table 4.4); using denaturant conditions whereby 100 % is 8M urea and 40 % (v/v) 
fonnamide. Furthermore, acrylamide concentrations were different for each denaturant 
to create a double denaturant system to eliminate artificial banding (janse et al, 2004). 
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Table 4A Derivation of optimal double gradient denaturant conditions, within the table 
denaturant values are given as a percentage of 100 % denaturant conditions (8 M urea 
and 40 % (v/v) formamide) while acrylaminde concentrations are given in brackets also 
as a percentage. 
Optimization 
Low denaturant High Denaturant 
(Acrylamide) (Acrylamide) 
1 30(6) 50(7) 
2 40(6) 55 (7) 
3 40(6) 60(7) 
4 55(7) 70(8) 
5 60(7) 70(8) 
Gels were prepared in 15 ml sterile Falcon tubes (VWR Scientific, West Chester, PA) 
into which 12.5 ml of denaturant was poured and 80 [tl ammonium persulfate and 8 [ti 
TEMED added to aid in gel polymerization. Gels were poured over 10 minutes, to allow 
thorough mixing of different denaturants and the flow rate was controlled using a 
peristaltic pump (Masterflex 7518-00, Cole-Palmer instruments, Vernon Hills, IL); once 
poured a 16-well forming comb was added. Gels were covered with plastic wrap 
(Press'n'seal, Glad, Toronto, Canada) and allowed to polymerize for I hour. Following 
polymerization, the casting unit was placed into the electrophoresis buffer (800 mM Tris 
base, 400 mM sodium acetate, 20 mM disodiurn EDTA, adjusted to pH 7.4 with acetic 
acid) in the DGGE tank (DGGE-2001, CBS scientific, Del Mar, CA), which was 
maintained at a constant 60 T, and left for 45 minutes, to attain an equal temperature to 
the tank. 
The PCR-amplified 16S product was diluted 1: 12 with gel loading buffer (final 
concentration: 0.02 % bromophenol blue, 0.02 % xylene cyanol and 70 % glycerol), and 
25 ttl added to a well on the gel. In addition to environmental samples, culture extracted 
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DNA of Pseudomonas aeruginosa, Escherichia coli and Ralsioniapickelfli were used as 
templates for amplification of 16S rDNA, and as gel markers to assess gel 
reproducibility. Running time and voltage of the DGGE gels must also be optimized, and 
a number of previous studies have extensively assessed both of these parameters (e. g., 
Gillan, 2003; Sigler et al., 2004). Brief optimization of the running time and voltage for 
this study found that 60 V for 16 hours allowed optimal resolution of bands. 
Following electrophoresis the gels were visualized in two different ways; the first method 
used a SYBR gold stain (Molecular Probes, Corvalis, OR), into which gels were 
immersed for 35 minutes, before destaining in double-distilled water (ddH20) for 15 
minutes, and visualized within a light cabinet (Fluorochem 8000, Alpha Innotech, San 
Leandro, CA). In the second method, gels were silver stained, in which, gels, following 
electrophoresis, were placed into an acetic acid: 100 % ethanol (30: 10 %) overnight 
(solution renewed after 2 hours), the gels were then washed, twice, in 50 % ethanol for 30 
minutes, before being agitated within a 0.02 % sodium thiosulfate (Na2S203) solution for 
exactly I minute. Gels were then transferred to MQ water and washed three times for 
exactly 1 minute, before being silver stained for 45 minutes (2 % AgN03 solution). 
Excess silver stain was removed by rinsing in 250 ml water for I minute, and DGGE 
bands developed by rinsing for 2 minutes in carbonate solution (Na2COA Development 
of bands was stopped in a 2.3 M solution of citric acid solution and the gels washed twice 
in water before being visualized on a white-light table (Fisher Biotech, White Light 
Transilluminator-1417). 
Once visualized and photographed, gels were imported into image analysis freeware 
software (Image J analysis, hn: //rsb. info. nih. jzov/i - 
j/-/). This freeware software converts 
the image into a binary matrix, which facilitates the derivation of a band presence/ 
absence table, allowing for Jaccard's coefficient to be derived [3]. 
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[31 SJ = NAB, / (NA + NB - NAB) 
Where NAB - Number of bands common to both samples 
NA/ NB - Represent the number of bands in sample A and B, respectively 
The generated similarity matrices were used to calculate eigenvectors for two- 
dimensional ordination, and variation between microbial communities attributable to 
metal toxicity (Clarke, 1999) displayed spatially using principal components analysis 
(Statistical graphics, Rockville, MD). Additionally, discernable bacterial community 
relationships are investigated using UPGMA cluster analysis using squared Euclidean 
distance. Examples of this analysis are give in Fig. 4.7 a&b. 
Figure 4.7: (a) Jaccard coefficient derived using equation [I], abbreviations refers to sites 
on the Clark Fork River, Montana, LBF, Little Blackfoot River; LDL, Lower Deerlodge; 
UDL, Upper Deerlodge; An, Anaconda; LMC, Lower Mill Creek; UMC, Upper Mill 
Creek, and (b) (overleaf) the Principal Components Analysis relating the similarity and 
dissimilarity between community composition of different sites within the Clark Fork 
River, data is taken from the of November, 2004, sampling effort (Chapter 5) 
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Results ofprotocol optimization and limitations ofDGGE analysis 
Following protocol optimization, all subsequent DGGE was carried out using a 40/ 55 % 
denaturant gradient concentration. This was determined by visual analysis of SYBR 
Gold stained gels, and through the extraction of specific bands using the Image J analysis 
freeware. Other gadients under investigation were unable to resolve bacterial bands to 
the same degree as 40/ 55 % and are shown in Fig. 4.8 (a: 30/ 55 %, b: 40/ 55 %, c: 40/ 
60 %, d: 55170 %, e, 60/ 70 %). Gradients set at 30/ 55 %, 55170 % and 60/ 70 %, failed 
to resolve 16S rRNA bands, due to an inability to attain a retardation level sufficient to 
resolve all bands (in the case of the 30/ 55 % gradient), and having a denaturant 
concentration too high for partial denaturation, resulting in complete product denaturation 
causing the retardation level to be the same for all sequences (in the case of 55170 % and 
60170 %), preventing complete electrophoresis (Abrams et al., 1995). Both gels run at 
40/ 55 % and 40/ 60 % gave good resolution within the gel; however, visual inspection of 
the 40/ 55 % gel revealed a better resolution and band separation. 
The ability of DGGE to resolve community complexity is limited by a number of biases 
endemic to all PCR-based phylogenetic methods (Kirk et al., 2004), such as the selective 
amplification of 16S rRNA sequences present at a higher abundance than others, and the 
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differential affinities of primers to certain templates. Additionally, sequences with a 
lower G+C content are thought to separate more efficiently during the denaturant step of 
PCR, and could therefore, be preferentially amplified (Wintzingerode et al., 1997). 
Furthermore, limitations are apparent in the choice of the rRNA gene as a phylogenetic 
marker (Acinas et aL, 2004; Jaspers and Overmann, 2004; Ward and Cohan, 2005). Such 
limitations include high divergence within different geographically isolated strains of the 
same species, indicating the significant role of horizontal gene transfer affecting rRNA 
sequences (Wang et al., 1997; Yap et al., 1999; Acinas et al., 2004), and the presence of 
the same rRNA operon within genetically distinct species (Jaspers and Overmann, 2004). 
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Figure 4.8: Optimization of DGGE by varying concentrations oftlic denaturants to assess 
the separation and rcsolution of bands obtained. All gels were rLin at 60 V tor 16 hours, 
and silver stained. Each lane represents the seperation of I 6S rRNA community DNA 
from the Clark Fork River, abbreviations for sites are listed in the legend for Figure 4.7. 
Each resolved band represents an individual bacterial species. 
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4.14 Microbial (IMIA) 
The spectrophotometric assessment of' I ntrace II ular dehydrogenase act Iv It v (D II A) xN It li M 
sediment samples collected from UFR provides I relative measurement ol'the nictal)olic 
activity of attached, motile and viable but uncultivablc sediment C0111111LIllitiCS ( ROSSCI et 
al., 1997). DIIA has been used In recent years to assess microbial activity within I 
variety 0 1' Coll taill i nated and relcrence sites, For example, wilhill beach sc(tillictit 
rilicrocosms amended with pctrolcum hydrocarbons (XLJ and Obbard, 2003), to assess the 
-obial activity within bIolojIcIl wastew"Iter treatillellt alTect ol'aninionlia Inhibition ol'imci 
plýmt (Lce et al., 2000). DHA was also employed to relate metabolic activity ol*tlie 
microbial community to rates of bloremcd I'll loll Within mangrove forest sediments 
(Ramsey et al.. 2000), while Wong et 1]. (2005) l'ollom. -ed tile metabolic activity of' 
sediments contaminated with plienanthrene, Ili order to assess, the affect ot'ziinc oil 
biodegradation. Despite widespread use ol'Dl IA as ,I blomarker to assess the al'Iccls of' 
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organic contaminants, it has had very little use investigating the impact of metals on 
microbial activity, therefore was included within this study for this reason. 
Quantification of DHA activity followed the protocol optimized by Matthew and Obbard 
(2001). Briefly, 2.5 ml MQ with I ml of 0.75 % freshly prepared -p-iodophenyl-3-p- 
nitrophenyl-5-phenyltetrazoliumchloride (INT) solution (made up in methanol, pH 7.9), 
was added to 5g river-bed sediment in a sterile 15 ml falcon tube (in triplicate). The tube 
was incubated for 22 hours at 27 T and INT - formazan (INTF) extracted using 25 ml 
methanol. The tube was inverted 12 times and incubated for 2 hours at 27 T, before 
filtering the INTF through a 0.45 Rm filters (Whatman), and measuring absorbance 
(@428 nrn). Dehydrogenase activity was calibrated against INTF standards made up in 
methanol and expressed as ugINTF/ g dry sediment/ hour. 
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Chapter 5 
Is Microbial Diversity an Effective Biomarker of Trace Metal 
00 Contamination? A Temporal Study 
5.1 Abstract 
This chapter characterizes microbial community composition in freshwater sediments 
contaminated for > 120 years with cadmium, copper, arsenic and zinc. Six sampling 
sites, encompassing a gradient radiating from the most polluted sites adjacent to (LMC), 
and directly downstream (An), of the Smelter and further sites 30 km downstream (LDL 
and UDQ were compared with a catchment reference site (UMQ and an off-river 
reference site (LBF). Metal concentrations and further physico-chemical factors were 
sampled from all six sites to ascertain which factors significantly influence community 
structure. Denaturant gradient gel electrophoresis of bacterial 16S rRNA found that long- 
term metal-contaminated sediments, adjacent to the Smelter, had microbial communities 
twice as diverse as corresponding reference sites. The use of principal components 
analysis indicates that geographic position and localized geochemistry fundamentally 
influence the structuring of communities. The results are discussed with respect to the 
applicability of inclusion within an ecotoxicological framework 
5.2 Introduction 
This chapter aims to evaluate the potential of using microbial community structure and 
metabolic activity as possible comparative biological monitoring tools within 
contaminated sites along the Clark Fork River (CFR), an EPA designated Superfund site; 
and off-river reference sites not impacted by mining activity. Traditional in situ studies 
point toward a lower microbial diversity present within polluted sites (Atlas et al., 199 1; 
Hazen et al., 1991); however, these studies infer diversity through culture-dependent 
techniques. The limitations of such techniques for investigating community diversity are 
well documented (DeLong and Pace, 2001; Chapter 1). By contrast, molecular 
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techniques, which do not require organism culture, continue to open up below ground 
ecosystems for analysis, revealing the extraordinary phylogenetic diversity in evidence 
within both oligotrophic environments such as the deep sea (Moyer et al., 1995) and the 
Sargasso Sea (Venter et al., 2004), and in eutrophic ecosystems, such as salt marshes 
(Klepac-Ceraj et al., 2004; Bahr et al., 2005) or coastal ecosystems (Acinas et al., 2004). 
These techniques center on an examination of bacterial 16S rRNA using an array of 
techniques including, both restriction fragment length polymorphism (RFLP) and 
terminal-RFLP (Sorci et al., 1999; Denaro et al., 2005), temperature gradient gel 
electrophoresis JGGE) (Muyzer et al., 1999) and through microarray analysis (Bodrossy 
et al., 2003). Denaturant gradient gel electrophoresis (DGGE) has become one of the 
principal techniques used in microbial ecology and has been employed in this chapter to 
examine community diversity in the CFR. The DGGE technique has been described 
previously in this thesis (Chapter 4 section 4.13). 
Molecular techniques have also been employed to investigate prokaryotic community 
diversity within metal impacted sites, demonstrating a paradoxical effect on diversity 
apparently dependent on the nature of the metal-contaminated site. For example, single 
metal contamination of environmental sites, by mercury (Rasmussen and Sorensen, 
1998), cadmium (Ganguly and Jana, 2002) or copper (Janas et al., 1989; Webster et al., 
2001) are characterized by low microbial diversity compared to control sites, likely 
caused by distinct selective pressures encouraging the growth of resistant species. 
Evidence for this comes from studies by Rasmussen and Sorensen (1998) who concluded 
that the widespread dissemination of plasmids encoding mercuric ion resistance, at a 
prevalence of 62 % in mercury contaminated sites, compared to just 29 % within control 
sites, was fundamental in structuring the community. 
A contrasting perspective is noted, however, within sites contaminated with multiple 
heavy metals, for example, Gillan et al (2005), investigating chronically polluted 
Norwegian fjords, observed that elevated concentrations of Cd, Cu, Pb and Zn did not 
significantly affect microbial community diversity along a metal concentration gradient. 
Similarly, Sorci et al (1999) employed 16S rRNA to monitor bacterial diversity within 
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metal and PCB polluted and control sites of New Bedford Harbor (NBH), Massachusetts. 
Microbial diversity in NBH was elevated within contaminated sites relative to pristine 
sites; however, multivariate analysis found that the availability of different carbon 
sources was the significant factor structuring communities, and not metal exposure. Feris 
et al (2003) used phospholipid fatty acids (PLFA) composition to assess community 
diversity within sites of the chronically polluted Clark Fork River, Montana, and recorded 
a greater proportion of prokaryotic PFLA, indicative of higher diversity, associated with 
sites of higher contamination. 
The presence of higher diversity in sites contaminated with several metals maybe due to 
the formation of micronichcs (Lopez-Garcia et al., 2002; Lam and Cowen, 2004). Metal 
concentrations are not hornogenously distributed throughout river-bed sediments and are 
influenced by abiotic factors, e. g. river flow, and biotic factors, such as physical abrasion 
mediated by nematode grazing, creating pockets (or microniches) of diverse carbon 
sources and metal loads optimal for microbial succession. Within a gram of sediment a 
diverse microbial community may be supported within such microniches by conferred 
and intrinsic resistance to toxic metals through chromosomal or plasmid-based 
mechanisms (Ford, 2000), yet dynamic enough that localized changes in geochemistry 
may force community streamlining, lowering population diversity. 
Long-term chronically metal-polluted sites may allow a diverse and stable metal-resistant 
community to develop through the continual proliferation of metal-resistant genes 
throughout the population (Silver, 1998; Nemergut et al., 2004), or protective encasement 
within a micropore or biofilm (Almas ct al., 2005). This may be particularly true of sites 
affected by mining or smelting activities. Therefore, this study is designed to assess three 
predominant questions: (i) the temporal stability of microbial communities under 
selective pressure from metal contamination, (ii) the significant geochemical factors 
structuring microbial communities, and (iii) the relevance of microbial diversity as a 
biomarker of anthropogenic metal contamination. 
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5.2.1 The Clark Fork River, Montana 
The CFR is formed at the confluence of Warm Springs Creek and several tributary rivers, 
including Mill Creek (Fig. 5.1). Located at this confluence is the Anaconda smelter, 
where for over a century, waste from smelting activity was deposited either directly into 
the river or washed in as part of tailings run off following heavy rainfall (USEPA, 1999). 
Flooding over the 20th century has distributed high concentrations of metal ions, 
including Ag, As, Cu, Cd, Pb, and Zn, across the flood plain (Moore et al., 1991; 
Axtmann and Lourna, 1991; Brick and Moore, 1996), resulting in perpetual metal- 
contamination from rain induced re-suspension of smelter tailings and leaching from the 
contaminated floodplain (Cain et al, 2004; Davis and Atkins, 200 1). Brick and Moore 
(1996) monitored metal fluctuations throughout the day on the Clark Fork River, and 
found concentrations to increase at night, as pH and dissolved oxygen decrease, while an 
increase in particulate metal concentrations resulted from a nightly increase in total 
suspended matter. Study sites on the CFR were chosen based on their proximity to the 
Anaconda Smelter (for detailed information on study sites see 5.3.1), which despite 
undergoing remedial activity since its closure in 1987, continues to be an environmental 
hazard. In addition to the millions of cubic metres of tailings, furnace slag, flue dust, and 
square miles of soil contaminated by airborne wastes, millions of litres of ground water 
have been polluted from wastes and soils. 
5.3 Materials and Methods 
The techniques employed in this study are described in chapter 4 sections 4.2,4.5,4.13 
and 4.14. 
5.3.1 Sampling Strategy 
Samples were collected from six sites along the Clark Fork River, Montana (Fig 5.1); the 
sites shared similar hydrological and geological conditions but differed in anthropogenic 
inputs of metal from mine wastes (Table 5.1). Five locations were within the Clark Fork 
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River watershed, including two sites on Mill Creek, a headwater tributary of the Clark 
Fork River. Upper Mill Creek (designated UMC, 46: 05: 17N: II2: 54: 20W), acted as a 
within catchment reference site, while a site at Lower Mill Creek (designated LMC, 
46: 05: 52N: 112: 53: 24W) was chosen due to its proximity to the Anaconda Smelter (Fig. 
5.1). A site downstream of Anaconda (designated An, 46: 07: 18N; 1 12: 54: 12W) is 
thought to collect the majority of the Smelter's waste run-off. Two further sites 
downstream of the smelter, Upper Deerlodge (designated UDL, 46: 22: 52N: 112: 44: 08W) 
and Lower Deerlodge (designated LDL, 46: 23: 57N; 112: 43: 56W) represent lower levels 
of metal contamination. The Little Blackfoot River (designated LBF, 46: 32: 16N: 
112: 46: 59W) served as an off-riverrefercnce site. The locations were all shallow water 
riverbeds, and sampling was conducted using hand-held corers, removing approximately 
50 g of sediment, in triplicate from each site. Sediment cores were placed on ice for 
transportation, and upon arrival the top 10 g of sediment was aseptically removed, from 
each core, to a sterile 15 ml polycarbonate tube. During sampling, site-specific physico- 
chemical parameters (temperature, pH, specific conductivity, dissolved oxygen, total 
dissolved solids and total ammonium) were simultaneously measured using the datasonde 
4cE (Hydrolab, Loveland, CO). River discharge data was acquired from the U. S. 
Geological Survey gauging stations on the Clark Fork River (nos. 12323670,12323700, 
12323760,12324200,12324590). 
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Figure S. 1: Map of the Clark Fork River, Montana, denoting sampling sites above and 
below the Anaconda Smelter. The sites are represented by 
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5.3.2 Sediment nutrient and metals analysis 
Sediment samples were thawed at room temperature, aliquoted into 50 ml sterile 
polyearbonate tubes, and centrifuged at 10,000 xg for I hour. The resulting pore water 
was then siphoned off and diluted 1: 20 with milliQ water (Millipore) prior to analysis, 
this dilution was filtered (0.45 gm, Millipore) to remove any organic degrading microbes. 
Anions were analyzed using ion chromatography (MIC-3 Advanced, Metrohm, Herisau, 
Switzerland) alongside standards (0.1 - 25 ppm) of the appropriate anion, while 
sediment-metal concentrations were analyzed from the pore water using inductively 
coupled plasma mass spectrometry (Agilent 7500 Serie ICP-MS) (US EPA method 
200.7). Organic carbon concentrations were quantified from pore water samples using A 
DC-80 carbon analyzer (Takmar-Dohrmann, OH). 
5.3.3 Statistical Analysis 
Statistical analysis was performed using statistical software packages, MINITAB 13 
software (PA, USA), Statgraphics 4.0 Plus@ software (Statistical graphics, Rockville, 
MD, USA) and SAS (SAS institute, Cary, NQ. Normality of DHA results over four 
seasons was assessed using homogeneity of variance (Andersen-Darling test). Data 
distribution was then assessed using 1-way analysis of variance (1-way ANOVA) within 
sites, and a multiple range test to elucidate significant differences between contaminated 
and reference sites. Differences in median values for non-parametric data was assessed 
using the Kruskal-Wallis test. All analyses were set at P<0.05, and data is presented as 
the mean value t standard error. Variation in physico-chemical factors within groups 
was also assessed with 1 -way ANOVA, under the same conditions described above. 
Univariate correlations between DHA results and physicochernical factors (including 
anion levels, metal loads and abiotic factors) were performed using Spearman correlation 
coefficients (SAS Institute, Cary NQ. 
Techniques used to analyze the banding pattern of replicate DGGEs are described in 
section 4.13. The mean band numbers of the same site, replicated on different denaturant 
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gels were used to assess seasonal differences by 1 -way ANOVA (Statgraphics, Rockville, 
MD), while abiotic factors significantly influencing bacterial diversity were identified 
using Spearman Correlation Coefficients (SAS Institute, Cary, NQ. Multidimensional 
scaling (principal components analysis) and cluster analysis (Statgraphics, Rockville, 
MD) were used to visualize inter-site and intra-site similarities and dissimilarities. 
5.4 Results 
5.4.1 Metals andPhysicochemical Data 
ICP-MS analyses of sediment metal concentrations during the sampling period 
demonstrate significantly (ANOVA; P<0.001) higher metal concentrations located 
around the smelter, at site An, than downstream sites along the CFR (Table 5.1). 
Analysis of Mill Creek sediment adjacent to the mine (site LMQ (Fig. 5.1) demonstrate 
metal concentrations significantly elevated (ANOVA; P<0.05) over that of all other 
sites except An, unsurprisingly given the sites proximity to the smelter tailings. Slightly 
elevated metal concentrations were observed downstream above and below the town of 
Deerlodge (at UDL and LDL), significantly higher (ANOVA; P<0.05) than metal 
concentrations of both control sites (LBF and UMC). However, metal concentrations 
were generally higher at LDL than UDL, suggesting additional contamination sources 
within the town of Deerlodge. However, none of the sites sampled along the CFR 
exceeded the no adverse effect concentrations of metals recommended for Hyalella 
azteca, a common freshwater invertebrate (32). 
Seasonal fluctuations of metal concentrations were apparent at all sites over the course of 
the study. Fluctuations in metal concentrations were noted at the An site downstream of 
the Smelter for both Cu and Zn (Table 5.2); however, fluctuations were also recorded for 
other polluted sites (LMC, LDL and UDL), with only slight alterations in sediment metal 
load observed in the reference sites (LBF and UMC). 
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Seasonal variation was also observed with a nearly all physico-chemical factors studied 
(Table 5.3). Significant variation (ANOVA; P<0.00 1) between seasonal sampling 
points within all sites was recorded for river flow rate, temperature, dissolved oxygen and 
specific conductivity, and also for pH at An and LMC. Nutrient status significantly 
fluctuated (P < 0.00 1 and P<0.05) throughout sampling for all nutrients examined and at 
all sites. 
Table 5.1: Metal concentrations and DNA yields associated with sampling sites and 
different seasons along the CFR. Abbreviations: NM, not measured; ND, not determined. 
(LBF; Little Blackfoot River, LDL; Lower Deerlodge, UDL; Upper Deerlodge, An; 
Anaconda, LMC; Lower Mill Creek, UMC; Upper Mill Creek). 
Site Sample Month Site Locality Metals (ppm) DNA Yield (: b std dev) 
AS total I As (III) Cu Cd Zn 1`110IM11 
June '04 4 ND 6 ND 32 17.4(3.2) 
Little Sept. '04 Off-river 4 NM 6 ND 40 18.7(3.8) 
Blackfoot Nov. '04 reference site 6 NM 6.3 ND 37 14.8(2.9) River (LBF) April '05 12 NM 6.4 0 46 17.6(0.6) 
June'04 17 1.2 110 1.5 170 18.5(5.5) Lower Sept. '04 24 miles 19 NM 134 1.5 223 27.6(7.2) 
Deerlodge Nov. '04 downstream 24 NM 308 1.9 378 27.8(3.6) 
(LDL) April '05 22 NM 275 1.4 365 32.3(4.1) 
June '04 14 1.2 120 1.5 210 25.7(3.1) 
Upper Sept. '04 15 miles 22 NIVI 176 1.5 225 25.5(6.2) 
Deerlodge Nov. '04 downstream 35 NIVI 228 1.7 229 26.2(0.7) 
(UDL) April '05 12 NM 131 0 196 25.7(0.5) 
June'04 47 1.3 747 1.9 510 51.3(4.2) 
Anaconda Sept. '04 50 yds 54 NIVI 742 2.5 945 25.5(0.3) 
(An) Nov. '04 downstream 42 NIVI 422 1.8 687 35.7(7.6) 
April '05 42 NM 441 4.3 1280 41.5(7.8) 
Lower Mill 
June '04 
' 
56 0.087 570 1.6 175 48.5(4.2) 
Creek 
Sept. 04 
' 
Next to smelter, 52 NIVI 342 1.4 167 52.9(5.8) 
(LMC) 
Nov. 04 
' 
partial inputs 28 NIVI 298 1.4 55 56.9(4.4) 
April 05 34 NM 424 1.3 62 46.7(6.3) 
Upper Mill 
June'04 
' 
Within 4 NO 12 ND 34 13.4(l. 3) 
Creek 
Sept. 04 
' catchment 
ND NM 22 ND 66 19.6(l. 2) 
(UMC) 
04 Nov. 
' reference site 
ND NM 17 ND 74 17.9(2.2) 
Apeil 05 12 NIVI 23 0 53 12.4 (1.1) 
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Table 5.2: Physico-chemical factors recorded over the four sampling efforts along the 
CFR. 1 Data supplied by USGS real-time monitoring stations; 2 Fluctuations are given as 
the maximum and minimum river-water flow level over the preceding and following 
week of sampling; 3 Data collected at the time of sampling. TDS = Total dissolved solids. 
Site abbreviations are the same as in Table 5.1. 
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Table 5.3: Organic carbon and nutrient concentrations taken over the four sampling 
efforts on the CFR. 1 Data supplied by USGS real-time monitoring stations ND, not 
determined. Site abbreviations are same as Table 5.1. 
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5.4.2 Dehydrogenase Results 
Dehydrogenase activity (DHA) of CFR sediment-based microorganisms was monitored 
during June and November 2004 and April 2005. All DHA values in this section are 
reported as p-iodophenyl-3-p-nitrophenyl-5-phenyltetrazoliumchloride-forrnazan (INTF) 
formed (all [tg/ g dry weight/ h). Samples collected during September, 2004, were spoilt 
prior to analysis, by freezing prior to analysis, therefore, DHA results are not available 
for this month. Mean DHA activities of reference site microbes showed relatively small 
variation over the sampling times, compared to polluted sites. LBF DHA was recorded 
as (mean value: t S. E, n= 4) 0.223 t: 0.098 Qu), 0.295 ± 0.0.063 (Nov) and 0.26: 1- 0.004 
(Apr) [tg/ g dry weight/ h, while UMC mean DHA values were 0.209 :t0.0 11 Qu), 0.145 
-t 0.01 (Nov) and 0.238 t 0.023 (Apr) [tg/ g dry weight/ h (Fig. 5.2). Dehydrogenase 
activity of LDL (Apr.; 0.56: L 0.06 Vg/ g dry weight/ h), UDL (Nov.; 0.488 J. 0.106 and 
Apr.; 1.167 ± 0.07 [tg/ g dry weight/ h), and An Qu.; 1.007 :L0.066, Nov.; 0.462: 1-- 0.078, 
Apr.; 1.45 :t0.014 [tg/ g dry weight/ h) were significantly (ANOVA; P<0.05) elevated 
above the control. In contrast, DHA value for the April sampling date at LMC (0.13 :t 
0.006 [tg/ g dry weight/ h) were significantly lower than the corresponding control sites 
(Fig. 5-2). 
The most polluted site, An, directly downstream of the Smelter, consistently exhibited the 
highest values for metabolic activity. For each sampled season these values were 
significantly (ANOVA; P <0.05) higher than the corresponding observation at LDL and 
UDL among the polluted sites. Moreover, An DHA levels were significantly (ANOVA; 
p<0.001) higher than the remaining metal-contaminated site, LMC, and both reference 
sites (LBF and UMC ). 
Variation was also noted within sites at different seasonal sampling points. Significant 
(ANOVA; P<0.001) variation in metabolic activity was recorded for all sampling points 
at An and between UDL Nov. and Apr. samples. Furthermore, significant differences 
(ANOVA; P<0.05) were found between LDL Apr. when compared to DHA levels in Ju. 
or Nov. 
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Figure 5.2: Dehydrogenase activity based on the formation of -/)-iodophenyl-3-1)- 
nitropheiiyl-5-pheiiyltetrazolluiiicliloride formazan (! tg/ g dry weight/ h) recorded for all 
sites during June '04, November '04 and April '05. Statistical analysis with ANOVA 
shows, * Significant differences between metabolic activity of different seasons within 
the same site. ** Significant differences between metabolic activity ofinetal polluted 
sites and the corresponding control. *** Significant differences between sites at the sanic 
sampling month. 
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5.4.3 DGGE anuývsis 
The cumulative number of band positions for all sites observed following DG61' ,- ed x at I 
between sampling seasons and was 65 during June, 70.25 during September, 74.25 during" 
November and 68.75 during April (Fig. 5.3 a and b). Tile maximurn 11LI111her ot'DG( iF 
bands observed in one sample was 17.25 ± 1.3 (nican band number ' SI), 11 3) durim, 
November at the An site, the lowest 111-11ribcr ofbands observed was 6.25 1 1.0 during 
September at LBF (Table 5.4). Only I band was LI'lique when afl sampling sites and 
IN 
sample efforts were compared (found at site An durIng June), while conversely, 4 bands 
were common to all sites. 
Table 5A Mean band numbers (± SID, n= 3) of DGGE,, s of each site andat each 
sampling month. Also given is the average number ofbands ovcr each sampling period. 
Intra-site (*) and inter-site (**) significant differences (ANOVA P-0.05) are also 
shown. 
Sampling 
Month 
LBF LDL UDL* An LMC UMC* 
June 6.5 1. O'A* 12.25 2. V* 10.25 ± 1.0' 17 ± 1.4** 12 ± 1.4 7 0' 
Sept. 6.25 1.0'* 9.75 1.7 
A* 15.75 ± 0.5""' 17 ± 1.8 *ý 13.75 0.5ý* 7.75 1.0*" 
Nov. 7±1.2 1* 10.75 1.0 A* 12.75 ± 1.7 "* 17.25 ± 1.3** 13.5 1.7 *k 13 1.4'ý* 
April 8.75 1.011* 11.5 2.511* 14.5 1.0*k 15.25 ± 1.5,1* 7±0.8 ** 1t. 75 ± 1.5* 
Av 7.12 1.05 11.06 1.8 13.3 1.05 16.6 ± 1.5 11.5 ± 1.1 9.8 ± 0.9 
The mean number of bands varied significantly (ANOVA, 1) < 0.05) over the year 
sampled at UDL, LMC and UMC. Furthermore, inter-sitc significant differences 
(ANOVA, P<0.05) were observed between all sites (Table 5.4) and sampling times. 
Table 5.4 shows significant differences when present between all other compared sites 
(as shown by the multiple range test) as shown for Sept. Nov. and April. Inter-site 
significant differences that exist between I or 2 sites are not represented ill the table. 
However, during June the mean band number at LMC was significantly (ANOVA, P 
0.001) elevated above that of both LBF and UMC and lower than All, but no significant 
difference was found between either of the Deerlodge sites (LDL and UDL). 
The DGGE banding patterns xvcre also c0l"Parcd using the Jaccard similarity (S. 1) co- 
efficient, in order to assess reproducibility of triplicate gels depicting each sampling 
, season. 
Table 5.5 shows the S. 1 values, which ranged from 0,85 to 1.0 within replicates 
of the sarne site, with a mean intra-site SJ of 0.94 t 0.09. Analysis ofinter-site 
replication showed a significantly lower (ANOVA, P<0.05) InCan S. 1 VýIJLIC of0.64 
0.16 (Table 5.5 A This suggests that the DGG F' were highly reproducible, and that the 
microbial communities differed at each site. 
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Table 5.5: Mean similarity values (Jaccard coefficient) calculated with the DGGE 
banding patterns. Bold type values are the nican Intra-site similarity values. 
Sampling LBF LDL UDL An LIVIC UIVIC 
Month 
I 
LBF 0.89 0.03 
LDL 0.64 0.08 0.95 ± 0.04 
UDL 0.72 0.02 0.6 ± 0.2 0.93 0.06 
AN 0.47 0.04 0.72 ± 0.03 0.52 0.03 0.96 0.028 
LMC 0.69 0.03 0.67 ± 0.04 0.65 0.06 0.72 0.14 1±0 
umc 0.61 0.05 0.62 ± 0.05 0.68 0.02 0.58 0.11 0.69 + 0.02 0.92 ± 0.06 
Correlations between site abiotic factors and community diversity sampled during April 
'al cornpositi 2005, were investigated to assess the most relevant drivers ofinicrobi 1 1011 
within the CFR- Significant correlations were found between band number and metal 
concentrat i oils, specifically arsenic (Spearman's correlation, R-valuc ---- 0.65, P-0.0028), 
copper (Spearman's correlation, R-value - 0.63, P=0.00 1) and zinc (Spearman's 
correlation, R-value = 0.62, P=0.0013). A further statistically significant relationship 
(Spearman's correlation) was observed between band number and organic carbon content 
(R-value ý 0.67, P=0.001). 
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Figure 5.3: DGGE patterns for sites (a) Little Blackfoot River Lower Deerlodge 
(LDL) and Upper Deerlodge (UDL) and (b) (overleaf) Anaconda (Ail), Lower Mill Creek 
(LMC) and upper Mill Creek (UMC) over the course offour sampling efforts between 
June 2004 and April 2005. 
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5.4.4 Alullivariale AnalYsis 
calculation of Jaccard similarity values allow, ed for the CIlCUkI11O11 01' L', IgCll\'CCtOl- VýIILIC. S 
and generation of multidimensional spacing diagrams to show 1-clitive sillij Jýjrjty of sites 
ýjlong the Clark Fork River according to the microbial species composition (Fig. 5.3). 
Principal components analyses (PCA) were creýjted based oil co, 11,11t, 111, ty collposItIol, it 
cach sampling time (Fig. 5.4 a, b, c and d). F1.11-therilloi-e, , IS 111 laboratory protocol 
conditions were kept constant throughout the study and gels showed good reproducibility, 
temporal comparisons between samples are acceptable, and a IICA ofthe collectivc 
relative community relatedness ox cr '111 Sý11111)1111,1' POIIIIS COUld he gClICNI(Cd (Fii, '. 5.5). 
The site similarities were also visualized using cluster , 11,11lysis 111(1 , 111 Lj, jNNIcijjjjc(j pIII, 
group method with arithmetic mean (UPGMA) (Fig. 5.6). 
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From Fig. 5.4 (a, b, c and d) it appeared that the recorded metal and physico-chernical 
factors influence the structuring of CFR communities; however, it is also apparent that 
biogeographical factors are relevant. Fig. 5.4 (a) depicts the degree of similarity/ 
dissimilarity between sites sampled in June 2004, the sites cluster strongly based on 
geographic position and also similar geochemical profiles, leading to associations 
between Deerlodge sites and the two most polluted sites of An and LMC. Strong 
dissimilarity is also recorded between the reference sites of UMC and LBF. Components 
I and 2 of this PCA account for 52 % and 35.6 % of the variance, respectively and 87.6 
% overall, indicating the two dimensions give good representation of the overall data. 
Fig. 5.4 (b) accounts for community composition of sites sampled in September 2004, a 
similar pattern of geographically separated sites structured by localized geochemistry is 
again shown; however, at this time the Deerlodge sites show little similarity. In this case 
the PCA axis I and 2 accounted for 54.8 % and 37.5 % of the statistical variance and 92.3 
% overall. Fig. 5.4 (c) represents community relationships in CFR sites samped in 
November, 2004. Spatial patterns are unable to discern either a geographical or 
geochemical relationships within this PCA, suggesting that a further unidentified factor is 
important. Sites show low similarity to each other. Furthermore, 3 components are 
required to make up 92 % of the data variance, although the two axis do account for 50 % 
and 30 % of the data, respectively. Fig. 5.4 (d) shows of a 3D component plot of 
community variance of CFR sites during April, 2005. Dissimilarity is noted between the 
two most polluted sites of An and LMC; however, site clustering is noted with the 
geochernically and geographically similar Deerlodge sites. As with all previous PCA 
plots, the two reference sites, with similar geochemistry (Table 5.1) are separated from 
each other. However, with this plot the two component axes do not give good 
representation of the overall data, accounting for only 38.1 % and 33.9 % of the site 
variance, while 3 components are required to make up 89 % of the overall data. 
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Figure 5.4: Principal components analysis of the CFR sites at (a) June 2004, (b) 
September 2004, (c) November 2004 and (d) April 2005. Site abbreviations are listed in 
the legend of Fig. 5.3 and the % data variance explained by each component is given in 
the text. 
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Fig. 5.5 illustrates relative similarity between all sites at all four sampling times. Under 
cumulative comparison the above results for individual sampling times are supported. 
Sites tend to cluster depending on geographic proximity, which in turn defines their 
geochemistry. This notion is further supported by cluster analysis (Fig. 5.6) of the same 
data, depicting low temporal variation of the same sites. The axis of the PCA plot 
account for 48.8 % and 14.4 % of the overall variance, and 5 components are required to 
account for 83.2 % of the overall data variance. On the PCA plot (Fig. 5.5), sites An Ju., 
and An Nov., LMC Ju. and LMC Sept. and UMC Nov. and UMC Apr. show exactly the 
same banding pattern and therefore, are represented by the same point. 
Figure 5.5 (overleaf): Principal components analysis of all sites throughout all sampling 
efforts. Circled on the plot are areas where sites from all four sampling times cluster 
together. Site specific abbreviations are explained in the legend of Table 5.1, individual 
months are abbreviated as Ju.; June, Sept.; September, Nov.; November, Apr.; April. 
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over the four sampling times further depicting the site clustering. Site abbreviations are 
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between the sites calculated using the Jaccard similarity matrix. 
30 
25 
(D 
CJ 20 c: 
Co 
-6--1 15 U) 
0 10 
5 
0 
5.5 Discussion 
Community diversity and metabolic activity were measured in contaminated and 
reference sites along the CFR. The applicability of DHA assessment and DGGE 
profiling for the current work has been extensively documented (Xu and Obbard, 2003; 
Powell et aL, 2003; Crump et al., 2004; Girvan et al., 2005; Wong et al. 2005). By 
combining the assessment of the banding pattern produced by denaturing 16S rRNA with 
multivariate statistical techniques, we have attempted to separate the influence metals 
have on community composition from other environmental factors. The significance of 
both approaches and their suitability for inclusion into an ecotoxicological framework is 
discussed below. 
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5.5.1 Dehydrogenase Activity 
The DHA group represents a number of intracellular enzymes responsible for the transfer 
of electrons from donors to acceptors (Rossel et al., 1997). DHA is an established assay 
for the comparative estimation of metabolic acitivity from organically or inorganically 
contaminated samples (Mathew and Obbard, 2001; Robidoux et al., 2004), and is 
preferred over traditional culture methods which may underestimate viable cell number 
(Mathew and Obbard, 2001). 
Sampled sites along the CFR showed both spatial and temporal variation in DHA, with 
the highest activity consistently found within the most severely polluted site, An. A 
number of studies have investigated the influence of both organic and inorganic 
contamination on microbial DHA. The vast ma ority of these studies have focused on the 
effect of organic pollutants, notably petroleum and oil (Mathew and Obbard, 200 1; Xu 
and Obbard, 2003), although, Wong et al (2005) examined the effect of zinc on DHA and 
on the microbial catabolism of phenanthrene. Sediment dwelling bacteria in microcosms 
exposed to zinc show a reduction in DHA compared to the control, while zinc amended 
metabolic activity was still significantly higher than microcosms treated with mercuric 
chloride. The paucity of studies focused on the synergistic influence of multiple metals 
on DHA makes it difficult to contextualize the CFR results. However, microcosm studies 
examining the influence of toxic metals on DHA conclude that the abiotic composition of 
sediment is a determining factor of microbial susceptibility. Strong correlations have 
been observed between sediment with low organic content, significant concentrations of 
amorphous phase, and susceptibility to metal toxicity (Irha et al., 2003). In addition to 
this, temporal factors are important, CFR DHA data varied significantly throughout the 
sampling times; however, An consistently showed the highest DHA levels. This may be 
attributable to a resistant population. 
The application of DHA has previously been suggested as a useful general biomarker of 
microbial physiology. In many respects this is acceptable as it shares many of the same 
disadvantages that general biomarkers of invertebrate and vertebrate physiology have, for 
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example, lacking a response attributable to a specific contaminant. Furthermore, it is not 
possible to standardize DHA levels to site specific population abundance, to allow 
definitive comparative inter-site analysis. It is therefore possible, that the low DHA 
levels at LMC, or the high DHA levels at An reflect population abundances at these sites. 
The recorded DHA could therefore be an artifact of the sampling regime, reflecting the 
heterogeneous nature of sediments. For these reasons it is difficult to warrant inclusion 
of DHA as a relevant and reproducible biomarker of microbial stress without several 
spatial and temporal sampling efforts to support any conclusions. 
5.5.2 Microbial Diversity Analysis 
Univariate and multivariate analysis of CFR DGGE banding patterns show that metal 
contaminated sites have significantly (Table 5.4 and Figure 5.3 a and b) higher bacterial 
diversity than corresponding reference sites. It is interesting to note that little intra-site 
change is recorded within the most metal polluted site, An. This further confirms DHA 
observations that An is a stable community characterized by metal-tolerant species. 
Conversely, at the second most polluted site, LMC, a significant diversity drop is noted 
between the sampling dates of November, 2004 and April, 2005 (Table 5.4). This may 
be linked to the vast increase in river flow rate (Table 5.2), mobilizing sediment-based 
metals toxic to biota. By comparison, during the same period, little change in river flow 
rate was noted at An, therefore the impact on microbial diversity is likely to be lessened. 
The data from the in situ study of bacterial diversity is consistent with a number of 
previous studies examining community composition in metal-polluted environments 
(Sorci et al., 1999; Feris et al., 2003; Gillan et al., 2005), yet is in contrast to studies 
investigating community effects of organic toxicants which consistently record a decline 
in diversity (Juck et al., 2000; Roling et al., 2001; Fahy et al., 2005). While a number of 
studies have recorded adverse toxic effects of single metal exposure on prokaryotic 
physiologies and communities (Boivin et al., 2005; Girvan et al., 2005; Hu et al., 2005), it 
is feasible that the presence of multiple metals may enhance diversity by encouraging the 
succession and growth of metal-resistant aerobic or anaerobic bacteria able to employ 
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different metals as electron donors or acceptors. Aerobic chemolithoautotrophs use 
carbon dioxide as a sole carbon source; however, they may also employ diverse inorganic 
compounds (such as Fe 2+ or (NH4)S2) as primary electron donors, using oxygen as a 
terminal electron acceptor (Oremland et al., 2005; Beller et al., 2006). 
Facultative and obligate anaerobes, employing dissimilative metabolism, use an array of 
inorganic compounds as electron acceptors for the generation of energy for growth. The 
coupling of metal reduction to respiration is characteristic of both sulfate and iron 
reducing bacteria (Lloyd and Lovley, 2001). For example, Newman et al (1997) 
demonstrated the preference of Desutfbtomaculum auripigmentum strain OREX-4 to 
grow exponentially by oxidizing lactate to acetate, while preferentially using arsenate as 
a terminal electron acceptor over sulfate. Similar studies have highlighted the utilization 
of uranium (IV), chromate (IV), iron oxides and manganese oxides as terminal electron 
acceptors coupled to respiration (Heidelburg et al., 2004; Afkar et al., 2005; Chang et al., 
2005; Nevin et al., 2005). Each reaction has important implications for the mobility and 
bioavailability of the metal ion (Gadd, 2004). Diverse metabolic pathways such as these 
may explain the higher diversity of severely metal polluted sites such as An and LMC, 
and support the assumption of microniches within heterogeneously metal-contaminated 
sediments. 
Multivariate analyses of the CFR sites imply that microbial communities are 
fundamentally biogeographically structured, i. e. the community will arise from rates of 
beta diversity (i. e. diversity attributable to assemblage turnover), the success of a 
propagule dispersion (i. e. the smallest unit of dispersal necessary to colonize a new 
population) and the ability to adapt to localized geochemistry (Finlay, 2002; Whitaker et 
al., 2003). Evidence for this comes from the clustering of spatially proximate sites at 
Deerlodge (LDL and UDL), the most polluted sites (An and LMQ and the dissimilarity 
between the reference sites, LBF and UMC (Figure 5.4, a, b, c and d). The divergence 
between the reference sites is particularly supportive of this hypothesis as, despite having 
similar metal concentrations throughout the sampling events, the sites are separated on 
the scale of kilometers (approximately 50 km), and associate more closely on PCA plots 
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with the sites in local proximity. Further support for this theory is gathered from Fig. 5.5 
and 5.6 showing the consistent clustering of geographically related sites over different 
sampling months; grouping the sites around the Anaconda Smelter An, LMC and UNIC 
together, and also sites further downstream together, e. g. LBF is more closely associated 
with LDL and UDL- Within these biogeographical groups, sites may be further separated 
based on metal contamination, with the more polluted Deerlodge sites closely associated 
together than with LBF, as are the An and LMC sites. Statistical analysis also supports 
this association, as significant correlations were only found between band number, metal 
concentrations and organic carbon content, and not any other physico-chemical factor 
measured. From the data, it can be concluded that structuring of microbial communities 
follows geographical and geochemical parameters. 
Current evidence from a range of community studies suggest that microorganisms exhibit 
biogeographic patterns similar to that characterized for macroorganisms as proposed by 
the Baas-Becking hypothesis 'the environmental selects' and is responsible for the spatial 
variation of microbial diversity (Papke et al., 2003; Whitaker et al., 2003; Martiny et al., 
2006). A logical extension of this theory suggests that both historical (i. e. geographical) 
and contemporary (i. e. anthropogenic contamination) factors determine the distribution 
patterns of bacterial species. Furthermore, a number of molecular microbial diversity 
studies of polluted sites have concluded that while the contaminants may directly or 
indirectly drive community diversification on a short comparative scale (i. e. over miters 
to I kilometer), geographical factors principally structure microbial communities over 
large spatial scales (Powell et al., 2003; Fahy et al., 2005). 
There are intrinsic problems with the application of techniques relying on data gathered 
from analysis of the 16S rRNA gene; the occurrence of widespread horizontal gene 
transfer within the rrn operon (encoding the 5 S, 16S and 23 S rRNAs), calls into question 
validity of phylogenetic relationships (Acinas et al., 2004). Added to this is the presence 
of more than one 16S rRNA within the same species (Jaspers and Overmann, 2004) and 
the inherent bias of PCR-based techniques (Polz and Cavanaugh, 1998), all of which 
contribute to significant variability in both the analyses and subsequent interpretation of 
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results. Fallibility in 16S rRNA sequences depos ited into various genome databases 
(e. g. EMBO, NCBI) may lead to incorrect conclusions on both species diversity and 
identification, for example, approximately I in every 20 16S rRNA sequences within the 
NCBI database is incorrect (Ashelford et al., 2005). However, despite these problems, 
the reproducibility and robustness of the technique still allows for comparative analysis to 
be made, particularly if multiple samples are run on the same gel. 
Despite strong correlations between metal concentrations and community diversity, this 
study has shown that both temporal and spatial scales are important when considering the 
use of microbial diversity as a biomarker of contamination. Small-scale temporal studies 
of recently polluted sites may provide important information on the fate and transport of 
metal contaminants. However, the influence of metals on long-term chronically polluted 
sites, as examined in this chapter, may be blurred by the entrenchment of diverse and 
resistant communities inhabiting microniches in heterogeneously polluted sediments. It 
is therefore with caution, and a reliable history of site contamination, that microbial 
diversity be recommended as a biomarker of metal toxicity. 
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Chapter 6 
The development and application of Microbial Molecular 
Biomarkers for Assessing Trace Metal Toxicity within the 
Clark Fork River Montana 
6.1 Abstract 
The chapter describes the use of microorganisms as ecotoxicological tools for monitoring 
metal-polluted sediments. This approach is based on the ability of microbes to respond 
rapidly to small changes in localized geochemistry and to influence both the speciation 
and bioavailability of metals. In situ prevalence and expression of genes related to 
physiological stress, metal detoxification and oxidative stress are investigated in response 
to metals exposure. The initial approach has been to optimize techniques to recover high 
quality DNA from metal-contaminated sediments around and downstream of the 
Anaconda Smelter on the Clark Fork River, Montana. General and quantitative PCR are 
then employed to amplify genes using primers designed around Pseudomonas 
acruginosa. The highest prevalence of all genes was found at the most polluted site 
directly downstream of the Anaconda Smelter. Furthermore, significant correlations 
were observed between gene prevalence and metals (arsenic, copper and zinc) (P < 0.05) 
and organic carbon concentration (P < 0.05). Quantification of three genes (Sod, 4, HtpX 
and Mt), from various sites resulted in significantly higher gene copy number at the more 
polluted sites when compared to corresponding control sites. The use of PCR 
technologies to target a single microbial species presents a novel approach to 
environmental monitoring. 
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6.2 Introduction 
In order to understand the potential pathways of toxic metal exposure in ecosystems, it is 
important to fully understand the fate and transport of metals in the environment. 
Although a number of laboratory and field studies have resulted in an improved 
understanding of the response of eukaryotic organisms to metal exposure (Campbell et 
al., 2002; McClain et al., 2003) few studies currently address in situ microbial-metal 
redox reactions, biogeochemical cycling and consequential risks to higher-level 
organisms. Microbes are well documented to mediate changes in metal speciation 
(Gadd, 2004) and some reactions increase the toxicity of a given metal. Examples of 
such changes are evident for arsenic (Mukhopadhyay et al., 2003), chromium (Middleton 
et al., 2003), mercury (Barkay et al., 2003) and uranium (Heidelberg et al., 2004). As yet 
uncharacterized pathways probably also exist for acutely toxic metals such as Cd, which 
have structural roles for enzymes in higher organisms (Lane et al., 2005). 
Whilst in situ microbial responses have been used extensively within environmental 
management (Paerl et al., 2003; Gillan et al., 2005), a purely molecular approach 
focusing on the environmental abundance of functional genes, has not previously been 
successfully implemented. The ability to monitor functional gene expression in situ 
would be an important addition to more traditional ecotoxicological tools (Ford, 1994; 
Handy et al., 2003). 
Moreover, despite exhibiting considerable genetic diversity within microbial 
communities, basic biochemical mechanisms of metal handling are fairly well conserved 
(Nies, 2003). The reason for such conservation may stem from the presence of functional 
genes involved in metal detoxification on mobile genetic elements (i. e. plasmids, 
integrons, transposons) (Ford, 2000) allowing wide dissemination and affording the host 
a competitive advantage to permit rapid succession within micro-niches. Furthermore, 
despite efficient means of metal handling, prokaryotes, like eukaryotes, can suffer metal 
toxicity and respond by up regulating genes involved in redox defense and metal 
homeostasis. This phenomenon has been demonstrated in a number of gene-specif ic and 
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genome wide expression studies of metal exposed bacteria, recording an up regulation of 
antioxidant genes, including cytosolic superoxide dismutase (Chen et al., 2003; Hu et al., 
2005; Naz et al., 2005). 
This chapter describes a series of laboratory experiments run in parallel with field studies 
designed to calibrate proposed environmental microbial biomarkers with responses 
observed in the lab, that are readily attributable to metal toxicity. While the influence of 
metals on growth rate of microbes has been demonstrated on a number of occasions 
(Teitzel and Parsek, 2003; Harrison et al., 2005; Patrauchan et al., 2005), there is a 
paucity of information addressing the transcriptional response of metal perturbed 
microorganisms. The genes focused on in this study are central to metal detoxification 
(ArsC and Czc) and homeostasis (Metallothionein, Mt) and also oxidative stress (SodA 
and Kat), an indirect effect of metal toxicity. While the genes used in this study are 
generally well defined both using a bioinformatics approach, through structural 
homology, and by physiological examination, the Mt gene of P. aeruginosa is so named 
through a 56 % sequence homology to the E. coli Mt gene. While this homology is 
particularly low, the alignment of a number of prokaryotic and eukaryotic MI sequences 
shows conserved cysteine residues throughout (Fig. 6.1). Cysteine residues are 
characteristic of metal-binding proteins, involved in coordinating structural zinc ions, and 
it is plausible that Mt is indeed involved in metal homeostasis; however, this cannot be 
proved based on a the current sequence homology. Therefore, in addition to assessing the 
MI transcriptional response to metals in P. aeruginosa, the gene was cloned into 
Escherichia coli for further assessment of a functional role. 
To this end we employed general and real-time PCR (qPCR) to assess copy-number of 
various functional genes prevalent within sites of CFR, and rcverse-transcription 
quantitative PCR (RT-qPCR) within metal-amended P. aeruginosa cultures (See Chapter 
4.9 and 4.10). While previous in vivo application of real time PCR methodology has 
been applied with success, the quantification of species-specific genes directly from the 
environment has not yet been achieved, and previous attempts have focused on the use of 
degenerate primers (Wilson et al., 1999; Gruntzig et al., 200 1; Sun et al., 2004). 
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Methodology developed in this thesis significantly advances the field of microbial 
ecology and ecotoxicology. 
Figure 6.1: Amino acid sequences for 20 organisms (10 prokaryotes and 10 eukaryotes) 
showing domain-spanning conservation of cysteine (highlighted by the red box) 
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6.3 Materials and Methods 
For techniques used in this chapter please see chapter 4, specifically, sections 4.1,4.2, 
4.3,4.4,4.5,4.6,4.7,4.8,4.9,4.10,4.11, and 4.12. 
63.1 Site and Sampling 
The sampling sites in this study and techniques employed to measure metals and physico- 
chemical factors are described in detail in chapter 5.3 section 5.3.1 and 5.3.2. 
6 3.2 Statistics 
Statistical analysis was performed using MINITAB 13 software (PA, USA) and 
Statgraphics 4.0 Plue software (Statistical graphics, Rockville, MD, USA). Normality of 
CFR sediment Real-Time PCR data means was assessed by running homogeneity of 
variance tests (Andersen - Darling test). Data distribution was analyzed using 1 -way 
Analysis of Variance (I - way ANOVA) and multiple range tests (MRT) to investigate in 
situ relationships between gene expression data. Non-parametric data was analyzed using 
Kruskal-Wallis test. All analyses were set at a significance level of P<0.05. In situ qPCR 
data is presented as the mean value ± the standard error. N values within text and graphs 
reflect number of replicate measurements taken with different sediment core samples 
from the same site (n = 3). Univariate correlations between gene prevalence results and 
physicochemical factors (Table I and Appendix Table 1) were performed using 
Spearman correlation coefficients (SAS Institute, Cary NQ. 
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64 Results 
6 4.1 Exposed Culture Growth and transcription results 
Since many essential and non-essential metals influence cellular metabolism and protein 
structure we initially determined the effect contrasting metals have on the growth rate of 
P. aeruginosa PAO]. Bacteria were grown to stationary phase at 37 T on a rotary shaker 
in the presence of differing concentrations of metal ions (As, Cd and Zn) (Fig. 6.2 a, b and 
c). Cd was observed to be the most toxic of the metal ions PAO] was exposed to, as 
growth was observed only under the lowest Cd concentrations (0.1 mM). Even at this 
concentration, PAO] showed a prolonged lag-time and reduced growth relative to the 
control (Fig. 6.2a). Reduced growth rate was also noted for PAO] exposed to arsenic at 
all concentrations (1,3,6 and 12.5 mM), relative to the corresponding control (Fig. 6.2b). 
Within the As-exposed group a dose-dependent effect was noted with a prolonged lag- 
time and reduced growth rate with increasing concentrations. This effect was particularly 
noticeable at the highest arsenic concentration (12.5 mM). There was little evidence of a 
toxic effect during PAO] exposure to Zn, indeed, growth rates enhanced above that of the 
corresponding control was noted for 1,3 and 6 rnM Zn concentrations, while very little 
inhibition of growth was noted at the highest level of Zn (12.5 mM, Fig. 6.2c). 
Table 6.1 shows the ratios of transcripts in metal-exposed cultures in comparison to 
control P. aeruginosa, for genes previously observed to be up-regulated in bacteria in 
cultures containing elevated metal concentrations (Chen et al., 2003; Hu et al., 2005). 
Transcriptional elevation was examined through reverse transcription quantitative-PCR 
(RT-qPCR), with the same gene replicated (0) with the same reaction mix. The same 
reaction mix was used to conserve the efficiency of reaction, specifically during the 
reverse transcription step, which introduces between 5 and 95 % of variability into the 
reaction (Freeman et al., 1999). Due to technical constraints (i. e. the number of reaction 
sites in the real-time PCR machine), only one gene could be amplified per reaction, it is 
therefore not possible to run comparative analysis of the fold induction (R) between 
genes. In addition, because the reaction efficiency was employed to calculate the ratio 
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between metal-amended sample and the control, the F1 was calculated between the 
expression ratio for the lowest metal concentration and successively higher metal 
concentrations. 
Figure 6.2: Exponential growth curves of Pseudomonas aeruginosa exposed to various 
metals (a) arsenic (b) (overleaf) cadmium and (c) (overleaf) zinc. The graph legend 
indicates the total metal concentration in the growth media. Data points represent the 
culture optical density over exponential growth. Only two data points are represented in 
(b), the lowest cadmium concentration and the control as these were the only 
concentrations where culture growth was evident. 
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Exposure to arsenic resulted in a significant dose dependent elevation of each gene 
examined by RT-qPCR (Table 6.1), the largest F1 was noted with the Sod4 gene (3 1.4 FI 
between I mM and 12.5 mM samples, Kruskal-Wallis P<0.0 15), while a significant 
(ANOVA P<0.00 1), albeit smaller F1 was noted for Kat, further emphasizing the redox 
potential of As. An 8.3 FI was recorded in the expression of the arsenic reductase 
enzyme ArsC between high and low As exposures. Interestingly, a significant (Kruskal- 
Wallis P<0.01) upregulation of the Mt gene was associated with an increasing As 
dosage, recording a 2.3 F1 between high and low concentration. Exposure of P. 
aeruginosa to Zn also found significant (ANOVA P<0.00 1) up regulation of the RND 
efflux. pump, Czc, at high Zn concentrations (at 3 and 3.9 FI, at 6 and 12.5 mM Zn 
respectively), a significant (Kruskal-Wallis P<0.01) 3.7 F1 of the antioxidant enzyme, 
Kat, at the highest Zn concentration and also a significant (ANOVA P<0.00 1) up- 
regulation of the metal homeostasis protein, Mt, at all concentrations. Gene expression 
data was only procured at the lowest Cd concentration (0.1 mM) following culture death 
upon exposure to higher Cd concentrations. However, a 0.1 mM concentration was not 
sufficient to significantly induce transcriptional activity above that of the corresponding 
control culture for any gene. 
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Table 6.1: Quantitative real-time RT-PCR analysis with RNA extracted from cultures 
grown on various concentrations of As, Cd and Zn. Data is presented as the mean :t 
standard deviation, derived from each exposed sample (n = 3). Ratios which exceed the 
2.0 significant upregulation level are highlighted in bold. Statistically significant 
differences between groups are also shown. (* =I -way ANOVA, P<0.00 1; **= Kruskal 
Wallis, P<0.05). 
Arsenic 
Concentration 
Gene Expression 
Ars 
1 0.83 * 0.05 2.1 :h0.001 3.8 :t0.01 2.7: h 0.12 
3 4.12 * 0.03 6.3 :b0.002 5.4 :b0.001 3.1 * 0.14 
6 9.2 * 3.1 11.3 * 1.03 7.7 * 0.03 4.4 0.87 
12.5 26.1 * 3.1 17.6 * 2.12 8.2 * 0.12 6.3 1.3 
Zinc 
Concentration 
1 -0.78 ± 0.12 1±0.3 1.6 ± 0.3 12.2 :h1.8 
3 -0.4 ± 0.2 1.2 + 0.3 0.4 ± 0.04 
I 
22.1 :h3.2 
6 -1.2 ± 0.4 3*0.76 * 1.6. + 0.55 2S. S: k 1.4 
12.5 -2 ± 0.8 3.9 :h0.84 3.7 :h1.1 31. S * 1.8 
Cadmium 
Concentration 
0.1 1 0.7 * 0.007 1 1.3 ± 0.12 1 1.8 * 0.38 1 0.9 ± 0.08 
The putative Mt gene of PAO I was cloned into a TA-TOPO vector and inserted into 
chemically competent E. coli, referred to as E. coliMt, and exposed to a range of sublethal 
and lethal Zn concentrations in order to ascertain if the Mt gene provides heightened 
protection against metal, compared with the E. coli K12 strain without the inserted MI 
(Figure 6.3 and 6.4). 
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Figure 6.3: Growth rate of E-coliMl showing exponential growth over various Zn 
concentrations and a control culture grown without zinc. 
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Figure 6A Growth rate of E. coli K12 strain, without the inserted MT, on the same Zn 
concentrations as above. 
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Table 6.2: Quantitative real-time RT-PCR analysis with RNA extracted from E. coliMt 
cultures grown on various concentrations of Zn. Data is presented as the mean : L- standard 
deviation, derived from each exposed sample (n = 3). Ratios which exceed the 2.0 
significant upregulation level are highlighted in bold. Statistical differences are depicted 
on the table (Kruskal Wallis, P<0.05). 
Zinc 
Concentration Mt Gene 
(mq/1) 
I 
Expression Ra 
0.1 1.7 * 0.12 
1 11.3 ± 2.9 
10 37.7 :L7.4 
E. coliMt was capable of growth at higher Zn concentrations than E. coli K12, continuing 
to grow at concentrations of 10 mg/L. However, because these represent different strains 
of E. coli, the growth rates of these studies are not directly comparable. E. cofiMt 
expresses the Mt protein at all concentrations of Zn, with significantly (Kruskal-Wallis P 
< 0.05) elevated expression evident at high Zn concentrations of 1.0 and 10 mg/L, over 
the corresponding control culture. As with P. aeruginosa cultures, E. coliMt showed a 
dose-dependent elevation in metallothionein expression, with a 22.1 Fl of cultures grown 
in 10 mgAL Zn over 0.1 mg/L. Similarly, Mt expression of cultures grown in 1.0 mg/L 
Zn were induced 6.6 times over that of E. coliMl grown at 0.1 mgAL, finally, cultures 
grown at the highest Zn concentration (10 mg/L) had a FI 3.3 above the second highest 
Zn concentration (1.0 mg/L). 
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6 4.2 Metal concentrations in the CFR 
Temporal fluctuations in metal concentrations of CFR are described in section 5.4.1. 
64.3 Gene prevalence 
Figure 6.5 shows the frequency of genes (grouped by function) prevalent at each site 
within the CFR listed by site. At each sampling period results show that the highest 
prevalence of stress genes was associated with the most polluted site, An, followed by 
UDL and LMC. The reference sites LBF and UMC had the lowest prevalence of target 
genes. Genes associated with the detoxification of metals, via enzymatic conversion 
(ArsC), active efflux (Czc, CopA) or external/ internal metal binding and sequestration 
(CopB, Mt) were amplified with greater frequency from sites with elevated metal 
concentrations (Fig. 6.5), compared to reference sites. In contrast, genes related to 
oxidative stress (Sodt Kat) were amplified at similar frequencies across all sites. Genes 
encoding heat shock and homeostatic proteins (Htp-X and Hsp) were more prevalent in 
the severely polluted An site, but generally evenly distributed over the other five sites. 
Overall, gene prevalence was strongly correlated with metal concentrations (As, P= 
0.03 1; Cu, P=0.013; Zn, P=0.028) and sediment organic carbon content (P = 0.001) 
over that of other physico-chemical parameters (such as flow rate and nutrient 
concentration) (Table 5.2). A strong correlation was also observed between the 
prevalence of metal resistance genes and in situ metal concentrations at each site (P 
0.041; P=0.016; P=0.03 1), and sediment organic carbon concentration (P = 0.0001). 
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Figure 6.5: Gene frequency, as calculated from the incidence of genes amplified/ site/ 
season in this study. Each bar represents the mean ± std. dev. (n = 3). * shows 
statistically significant differences (ANOVA P<0.05) between frequency of groups of 
genes at different sites. Capital letters beneath the graph represent significant variability 
(ANOVA, P<0.00 1) between contaminated and reference sites (letters denote a 
significant difference between (A) LBF only, (B) both LBF and UMC and (C) only 
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6.4.4 In silu Gene Expression Results 
Real-time PCR was conducted on u,, enes amplified with high primer/ oligonucleotide 
specificity that were well distributed throughout the sites following the April 2005 
sampling effort. Figure 6.6 (a, b and c) shows the results ofthree genes amenable to 
quantification. 
The reference sites, LBF and UMC. were used to set the baseline values for 
quantification, against which the metal contaminated sites were compared Using I -way 
ANOVA. Baseline values for SodA amplified from LBF and UMC were 1.96x 1 ()4 
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1.84x 102 and 2.32x 104 t 6.7x 102 , respectively (mean value t SD, n--3). With the 
exception of LDL, all other sites along the CFR showed statistically significant elevation 
of SodA copy numbers (I -way ANOVA, P<0.00 1) above that of the corresponding 
reference site LBF and UMC. The copy number quantified from LDL was significantly 
lower than that of the reference site UMC (Fig. 6.6a). Baseline HtpX copy numbers were 
4.35xI 03 -- 3.15xlO 2 and 5.6xI 03 --4. IXI02 for LBF and LDL respectively. In this case 
all metal contaminated sites contained significantly higher copy number (1-way 
ANOVA, p<0.001), than corresponding control sites (Fig. 6.6b). Mt expression was 
assessed using the multiple range test (MRT), as the gene was below detection limits at 
both reference sites. However, MRT found significant differences (P = 0.000 1) between 
LDL and all three other sites, and between UDL, An and LMC, with no significant 
difference between An and UMC (Fig. 6.6c). 
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Figure 6.6: Quantitative real-time amplification of (a) Sod. 4 (R-'-0.9569), (b) (ovcrleat) 
Htp-X (R 1 -0.9509) and (c) (overleaf) VT(R'-=0.9856), amplified from DNA extracted 
from the C'FR sediment, and normalized to P. aeri(qinosti 16S)-R, V., l number. Fach graph 
shows the mean t SE. and n ý3 for each sample. For each graph, tile inset shows tile 
standard curve produced frorn dilutions of Pseutioniontis ael-ugillosu P, 101 DNA 
subsequently used to calculate the copy nurnber/ ng DNA of each gene examined (tile R 
value for each standard curve is given above). * denotes a statistically significant 
difference between gene copy numbers at contaminated sites compared with the reterence 
sites at LBF and LMC (I -way ANOVA, P! ý 0.05). 
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Figure 6.6 
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6.5 Discussion 
This chapter demonstrates that prokaryotic organisms are ideal candidates for use as 
monitoring tools in assessing environmental contamination. Described is a novel 
microbial approach to facilitate detection of metal toxicity, not readily demonstrated by 
conventional ecotoxicological approaches, designed to further the incorporation of 
prokaryotes within bionionitoring. Microbes respond rapidly to small changes in the 
localized environment through (i) selective pressures resulting in resistant populations; 
(ii) intra and inter-species transfer of genes related to metal stress and resistance; and (iii) 
increased expression of these stress-related genes (Barkay, 1987; Ford, 1994; Ford and 
Ryan, 1995; Ford et al., 2005; Mongodin et al., 2005; Smets and Barkay, 2005). This 
study successfully amplified and quantified a number of these genes related to stress and 
metal handling from metal-polluted river sediments. 
65.1 Growth rates andgene transcription of Metal Exposed cultures 
In an effort to calibrate the metal responsiveness of potential in situ biomarkers, we 
examined the expression of both the arsenic reductase (ArsQ and the proton driven pump 
(Czc) conferring resistance to both Cd and Zn. PAOI growing in TSB containing arsenate 
displayed a dose dependent increase in ArsC expression assessed during exponential 
growth (Table 6.1). ArsC is a member of the Ars RDBC operon encoding four genes 
relating to the detoxification and efflux of arsenic (Carlin et al., 1995; Rosen, 2002), and 
is a cytoplasmic arsenic-reductase enzyme, responsible for the reduction of As(V) to 
As(III). Arsenate is acutely toxic to cells through interaction with thiol containing 
proteins (Del Razo et al., 200 1) and also competes with the accumulation of ATP 
(Coddington, 1986), yet is not amenable to efflux, while As(III) may be effluxed from the 
cell via the P-type ATPase, ArsB. Interestingly, the Ars system is not generally regulated 
by As(V), instead requiring intracellular As(III) (Mukhopadhyay et al., 2002); therefore, 
it is possible that during exposure As(V) is abiotically converted to As(III), derepressing 
the ArsR operon regulator, activating ArsC. However, reduction of arsenate to arsenite 
has recently been linked to its respiration (Saltikov and Newman, 2003; Saltikov et al., 
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2005). It is possible, that respiration of arsenate is responsible for allowing intracellular 
accumulation of arsenite, further regulating the Ars operon. However, at this time such a 
hypothesis is unsubstantiated due to the lack of active identification of an arr system 
within P. aeruginosa 
The cadmium/ zinc/ cobalt efflux transporter CzcA was observed to be significantly 
upregulated within PAO] exposed to elevated concentrations of Zn (at 6 and 12.5 mM), 
but not at lower concentrations (I and 3 mM), additionally, PA 01 exposed to Cd (at 0.1 
m, M) did not display significantly elevated levels of Czc (Table 6.1). Previous studies 
have demonstrated both Cd and Zn to induce the transcription of P. aeruginosa Czc when 
exposed in vivo (Grosse et al., 2004; Perron ct al., 2004), however, the Cd concentration 
used in such studies was significantly higher than that employed here. Expression ratios 
of CzcA in PAO] exposed to low concentrations of both zinc and cadmium (Table 6.1) 
suggest that alternative homeostatic and detoxification pathways are available for efflux. 
of Cd and Zn prior to upregulation of the Czc system, at higher intracellular 
concentrations. Indeed, in E. coli, both Zn homeostasis and Cd detoxification may also 
be mediated by the At gene, which encodes a P-type ATPase (Sofia et al., 1994), 
responsible for cation efflux. Similarly, the range of prokaryotic Cd detoxification 
operons reflects its significance as a non-essential acute toxicant, although recent 
evidence supports the retention of Cd within the diatom, Thalassiosira weissflogii, as an 
enzyme structural co-factor (Lane et al., 2005). Within P. putida the P-type ATPase 
CadA is expressed alongside elevated intracellular Cd concentrations, while Zn(II) 
seemingly has no effect on transcription in the presence of AM (Legatzki et al., 2003), 
suggesting it is an efficient exporter of Cd. Further systems for Cd effux. have been noted 
within Ralstonia metallidurans, Ncc (Mergeay et al., 2003), Staphylococcus aureus, Czc 
(Silver and Phung, 2005) and in P. aeruginosa, Czr (Hassan et al., 1999). 
The second mechanism of metal homeostasis is the specific chelation of metal ions by 
metal-binding proteins. Metal binding proteins, such as Mt, are ubiquitous throughout 
the eukaryote lineage and readily inducible by elevated external metal concentrations 
(Roesijadi, 1992; Vasak and Hasler, 2000; Chapter 1; Chapter 3). Within this study, 
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expression of P. aeruginosa MT was significantly upregulated at all concentrations of 
both As and Zn (Table 6.1). Previous studies characterizing the mechanism by which 
MT is expressed have shown a strong link between MT transcription and Zn (Turner et 
al., 1993). Huckle et al. (1993) noted that the zinc-sensing repressor SmtB represses the 
Synechococcus PCC 7942 metallothionein, denoted SmtA, in the absence of Zn (II). This 
study is the first to find that As(V) induces the putative MT of PAO] (Table 6.1), and 
previous studies in eukaryotes have questioned the potential of As to induce MT (Schlenk 
et al., 1997). However, it is possible that MT could be induced following formation of 
reactive oxygen species, as has been noted within vertebrate organisms (Baird et al., 
2005; Mosleh et al., 2005) and prokaryotes exposed to Cd (Liu et al., 2005b). Cd, by 
contrast, had no effect on MT transcription, which correlates with previous studies within 
eukaryotic organisms (Roesijadi et al., 1992), that notes that while MT protein levels 
increase under Cd exposure, it is due to Zn substitution with Cd, stabilizing the molecule 
and not due to elevated MT transcription. 
The role of Mt in responding to metal toxicity was confirmed by growth experiments with 
E. coliMt. The comparative E. coli strain K12 showed significantly delayed growth at all 
Zn concentrations when compared to an unsupplemented culture (Figure. 6.3 and 6.4). 
Furthermore, K12 was unable to grow at the high Zn concentration of 10 mg/L, attainable 
by E. coliMt. In addition, the expression of Mt within E. coli showed a dose-dependent 
response to Zn (Table 6.2) exposure indicative of the putative protective role of the 
protein within P. aeruginosa. 
In addition to mechanisms specifically aligned to Metal homeostasis, enzymes involved 
in protection of the cell against metal-induced oxidative stress were also investigated. 
Previous studies within both prokaryotes and eukaryotes have recognized the intrinsic 
role metals play in protein interaction leading to the release of reactive oxygen species 
(ROS) (Downs et al., 200 1; Leonard et al., 2004), which are important biomarkers of 
physiological impairment. Sod4 is a cytoplasmic manganese-superoxide dismutase 
widespread throughout organisms undergoing aerobic respiration, which scavenges the 
143 
superoxide anion converting it to hydrogen peroxide and dioxygen (McCord and 
Fridovich, 1969). 
Further along the antioxidant pathway the enzyme catalase is responsible for the 
conversion of the powerful oxidant hydrogen-peroxide (H202). When grown in As(V) 
both SodA and Kat were upregulated over that of the corresponding control (Table 6.1) at 
all concentrations, although SodA was not significantly upregulated under the lowest As 
concentration (I mM). Increased expression of both genes is plausible, as they form a 
pathway by which ROS can be converted to H20 and 02, and confirms that PAO] is under 
oxidative stress following exposure to As(V), which has previously been demonstrated to 
arise from interactions with thiol-containing proteins (Del Razo et al., 2000). Zn exposed 
cultures demonstrated upregulated expression of Kat only at the highest concentration 
(12.5 mM, Table 6.1), emphasizing a contrast between the extent of intracellular 
mechanisms accounting for Zn homeostasis, such as sequestration as a functional unit, or 
binding by MT, prior to inducing ROS, as opposed to the non-essential metalloid As, 
which must be immediately detoxified and expelled. Neither SodA nor Kat were 
significantly up-expressed following exposure to Cd (Table 6.1). Although not redox 
active, the primary mechanism of Cd toxicity is by the generation of ROS (Yano and 
Marcondes, 2005; Wimmer et al., 2005); however, in this study the low level of Cd 
employed (0.1 mM), and the efficiency of ATPase efflux. transporters may have 
combined to offset oxidative impact. In contrast, Hu et al. (2005) noted the primary 
transcriptional response to cadmium exposure was an increased upregulation of genes 
protecting against oxidative stress, noticeably Mn-cofactored Sod, for which a 19-fold 
elevation was recorded, however, the Cd concentrations used in this study were higher 
than 0.1 mM. 
6 5.2 Gene Prevalence 
The successful amplification of species specific genes from environmental samples 
required considerable optimization of DNA extraction and purification protocols 
(detailed in Chapter 4); however, these modifications avoid the employment of 
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degenerate primers targeting a wide range of species unsuitable for biomarker studies 
(Peakall and Walker, 1994). Using this method, the detection limit of functional genes in 
environmental samples was approximately 2.6x 10-3 ng DNA/ [d. 
ICP-MS analysis of sediment found metal concentrations were higher during the 
November 2004 sampling effort than during April 2005. Therefore, it is perhaps 
counterintuitive that gene prevalence was not more pronounced during November. 
However, our results may reflect the river conditions over the year. During Spring in 
Montana, melting snow and ice contribute greatly to the height and flow rate of the rivers 
(Table 5.2), in the case of LMC elevating river flow by 96 % over that of the November 
flow rate. Changing river flow rate resuspends metals bound to organic particles and 
sediment while sluicing surrounding tailings into the water (Davide et al., 2003). The 
temporal raise in metal concentrations may not be accounted for by total metal analysis, 
yet could influence the microbial community composition and the detection of gene 
signatures. By contrast, during November, river flow levels are considerably reduced, 
and flow is primarily attributable to groundwater input, therefore, it is likely that metal 
concentrations recorded at this time reflect that bound to organic particles, and are not 
present in a bioavailable form. 
The gene encoding Mn-cofactored superoxide dismutase (SodA) could be amplified from 
each site over the course of the sampling efforts, suggesting bacteria are under constant 
attack from reactive oxygen species (ROS). This is unlikely represent metal induced 
toxicity, but may be primarily mediated through aerobic metabolism, indeed the 
respiratory chain in Escherichia coli may account for 87 % of pro-oxidant damage 
(Gonzalez-Flecha and Demple, 2000). Recent global transcription studies of metal 
exposed E. coli and Caulobacter have demonstrated SodA to be a ubiquitous response to 
metal mediated oxidative stress (Hu et al., 2005; Wang and Crowley, 2005). ROS 
directly cause lipid peroxidation of cell membranes (Letelier et al., 2005; Manfredini et 
al., 2005), but ROS may also trigger a second cascade of cellular damage (Leonard et al., 
2004) resulting in protein damage. Interestingly, a second antioxidant enzyme, Kat, 
complementary to the SodA enzyme, was not prevalent within any of the sites, except that 
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of UDL and An during the April 2005 sampling effort. The lack of Kat in these samples 
could be attributable to two factors, firstly, high superoxide levels have been observed to 
inhibit catalase within eukaryotes, and secondly, a number of enzymes, in addition to 
catalase, are responsible for the conversion of 2H202 to 2H20 and 02 in prokaryotes, 
including glutathione peroxidase and NAD(P)H: quinone oxidoreductase (Cabiscol et al., 
2000; Finn and Condon, 1975; Stohs and Bagchi, 1995). 
Assessing the incidence of genes relating to detoxification and general stress responses 
facilitates the examination of in situ metal cycling and metal bioavailability. Given the 
detection limits of the technology, the ability to amplify a given gene is related to the 
presence of an external signal resulting in transcription. For example, elevated 
expression of ArsC requires intracellular arsenate concentrations of at least 100 RM 
(Saltikov et al., 2005), so its identification could be used as a field biomarker indicative 
of arsenic bioavailability, prior to a more detailed analysis. 
Changes in gene prevalence may be attributable to the dynamic nature of the microbial 
community, responding rapidly to slight changes in localized geochernistry with shifts 
towards a resistant population (Rasmussen and Sorensen, 2001; Sorci et al., 1999). This 
may result in gene acquisition by transfer (Smets and Barkay, 2005), or selective 
pressures driving gene duplication (Mira et al., 2005). Furthermore, microbial genomes 
may also harbor multiple copies of a functionally important gene (Zhou and Thompson, 
2004). Such community adaptation results in a higher copy number of stress-related 
genes, which allows detection with PCR based technologies. 
During times of low metal bioavailability there may be an associated diversity change to 
faster growing species that lack resistance are able to out compete resistant species, or a 
loss of genes involved in metal detoxification, to levels below the detection limits of the 
assays employed. The loss of functional genes is a plausible explanation, as genes 
associated with metal detoxification are present on large operons. In the case of the Ars 
operon, a regulon (ArsR) and several functional genes (ArsB, C and possibly H), encode 
approximately 2.2 kb. This represents a significant burden in DNA replication. 
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Therefore, provided selection is not strong enough to maintain the gene, it may be lost in 
large deletions or inactivated and subsequently eroded (Mira et al., 2005; Giovanonni et 
al., 2005). 
6.5.3 Comparative gene abundance along the Clark Fork River 
The optimization of quantitative PCR permitted the assessment of environmental gene 
copy numbers, finding higher copy number of three genes examined within the more 
polluted sites. To assess the copy number of genes across different sites of the CFR we 
assume that the extraction efficiency of P. aeruginosa is equal across all sites. This is a 
fair assumption given that the DNA extraction method employed allowed for the 
amplification of the P. aeruginosa 16S rRNA probe at each site. Furthermore, 
Pseudomonas is prevalent in soils and sediments with bacterial counts typically in the 
region of 106 to 107/ g dry weight (Lloyd-Jones et al., 2005), and can be easily targeted 
with PCR. Detection limits of qPCR technology were lower than general PCR, at 2.6 to 
1.3xI 0-2 ng DNA/ ýd, which could be attributable to the PCR-inhibitory properties of 
SYBR Green (Karsai et al., 2002). Because the SYBR Green dye binds to any DNA 
fragment, including oligonucleotide mis-matches, the melt curves of each environmental 
reaction were compared to that of the positive control, P. aeruginosa DNA. SocU, HtpX 
and Mt amplicons of environmental DNA produced melt-curves indistinguishable from 
the positive control, showing specificity within the reaction. However, attempts to 
quantify Czc within the environment failed as the melt curves were significantly 
different, and visual analysis of products on 2% agarose gels found a higher level of 
primer dimers than that observed with general PCF, potentially attributable to the effects 
of SYBR Green. 
Statistically significant elevation of SodA at sites UDL, An and LMC confirms the gene 
prevalence observations that organisms within the CFR are under considerable oxidative 
stress, and highlights differences between sites with elevated metal concentrations and 
control sites. Similarly, the intracellular heat shock protein, HIpX, also exhibited 
significantly elevated copy number within the more metal-contaminated sites. HtpX 
147 
operates as an intracellular protease in E. coli (Komitzer et al., 199 1; Sakoh et al., 2002), 
and previous studies have noted that HtpX plays a role in the general stress response of 
the cell, upregulated by the accumulation of misfolded proteins (Shimohata et al., 2002). 
Past physiological studies investigating the upregulation of heat shock proteins within 
laboratory and field experiments (Downs et al., 2002; Berntssen et al., 2003; Tom et al., 
2004) have found correlative expression results attributable to both direct interaction of 
metals with proteins and also an indirect effect on proteins through metal induced 
oxidative stress. Therefore, assessment of HtpX levels would appear to be a valid method 
of evaluating general cellular stress. Increased Mt copy number in metal polluted sites 
(Fig. 6.6c) may be linked to the presence of bioavailable metals, and the requirement for 
effective sequestration to prevent metal-induced toxicity. Furthermore Mt represents a 
r cross domain' biomarker between prokaryotic and eukaryotic species, as metallothionein 
quantification is a commonly used indicator of metal pollution within eukaryotic 
ecotoxicology (Piano et al., 2004; Dondero et al., 2005; Gonzalez et al., 2005). 
Metallothionein is also known to mediate the homeostatic sequestration of metals, 
predominantly Zn (Turner et al., 1993). 
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Chapter 7 
Final Conclusions and Future Research 
Attempts to understand the effects of anthropogenic stressors on aquatic biota have 
predominantly focused on physiological, genetic and biochemical responses within 
higher organisms (e. g: fish, Handy et al., 2002, and invertebrates, Downs et al., 200 1; 
Galloway et al., 2002; 2004). Frequently overlooked is the incorporation of prokaryotic 
organisms as biomonitoring tools. Bacteria are ideal candidates for use as 
ecotoxicological tools as many studies have demonstrated sensitivity and response to 
anthropogenic contaminants both at the level of the species (Hu et al., 2005; Wang and 
Crowley, 2005) and community (Cherry et al., 1974; Denaro et al., 2005; Fahy et al., 
2005). Moreover, the fundamental importance of microbial species as structural 
foundations of eukaryotic communities is well documented (Hobbie et al., 1977; Azam. et 
al., 1998; Curtis and Sloan, 2005), and warrants greater consideration within disciplines 
such as ecotoxicology. 
The main purpose of this thesis was to employ advanced molecular methods to develop 
biomarkers specifically of trace metal contamination and toxicity, and more generally of 
ecological health. Biomarkers for the assessment of invertebrate health are well 
established and examples of this are given in Chapter 3, to illustrate the utility of 
biochemical biomarkers in determining trace metal toxicity. While these methods 
provide simplistic tools available to rapid application, the use of invertebrate organisms is 
not the most sensitive trophic level from which to investigate toxic effects of 
anthropogenic contamination. The exploitation of microorganisms and microbial 
ecosystems as biomarkers of pollution significantly develops the field of ecotoxicology 
by incorporating organisms responsible for the majority of biotic metal-cycling. 
The health of any given ecosystem is not solely reliant on the speciation and transport of 
different metals, and genes related to organic mineralization, carbon cycling, 
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denitrification, nitrification, catabolism of organic pollutants and relevant biogeochernical 
pathways can also be quantified. This gives an holistic view of the rates of relevant 
reactions, the fluxes of different nutrients and micronutrients and the future potential for 
environmental deterioration. The goal of such research is the development of 
computational methods incorporating the above reactions to model a given ecosystem, 
allowing simulation of the microbial response to single-factor or multiple, synergistically 
acting, contaminants. 
7.1 Conclusions 
This thesis presents an exploratory step forward in the application of microbes within of 
framework of environmental monitoring, based on the following conclusions drawn from 
our expcrimcntal data. 
9 Environmentally significant reactions can be examined using microbial molecular 
biomarkers. 
9 By extensively improving traditional techniques of extracting nucleic acids from 
envirom-nental samples, this study has demonstrated that species-specific genes 
associated with toxicologically important reactions, within a complex microbial 
community, can be targeted. 
e Culture-independent assessment of microbial metabolic activity, through relative 
quantification of dehydrogenase activity is neither a reliable nor relevant 
biomarker of the effects of metal contamination. However, in conjunction with 
multiple replicates from the same site and standardization of population number, 
DHA could serve as a general biomarker of ecosystem health. However, with 
recent advances in the field of genomics providing the ability to target genes 
encoding specific metabolic enzymes, and the absolute or relative quantification 
of these genes to nucleic acid standards, the use of this assay may no longer be 
justifiable. 
Culture-independent techniques of assessing microbial diversity have proved 
successful, and high diversity has been observed within the most contaminated 
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sites. This method may be a useful biomarker of environmental contamination, 
provided the sites assessed are along spatial scales that highlight the influence of 
local geochemistry and reduce the effect of geographic separation. 
Optimization of PCR techniques for use with DNA extracted from metal- 
contaminated environmental samples has allowed gene prevalence to be 
investigated with respect to changing physico-chemical factors. A number of 
these genes were also quantified using contemporary methods such as real-time 
PCF_ Differential expression of these genes may be an indication of the 
bioavailability of different metals. The ability to quantify in situ gene expression 
is the single most critical finding of this thesis. Future efforts should be directed 
towards the optimization of methods facilitating the extraction of mRNA from 
sediment, the development of gene specific Taqman or Scorpion probes for RT- 
qPCR and the correlation of gene expression signatures with the bioavailable 
fraction of total metal concentrations. 
7.2 Method limitations andpotential improvements 
While this thesis has successfully demonstrated that the microbial community may be 
exploited for ecotoxicological purposes, a number of methodological and philosophical 
limitations are apparent and discussed below. 
1. Methods of DNA extraction from an environmental matrix, such as sediment, 
must be relatively harsh in order to disaggregate microbes bound to particulate 
matter, and then lyse both gram-positive and negative bacterial cell walls, the 
composition of which may drastically vary (Madigan et al., 2005). All of this 
must be carried out with methods designed to minimize denaturation or shearing 
of nucleic acids. For example, in the course of this project, four months were 
devoted to extracting mRNA from sediment samples using published methods 
(Burgman et al., 2002). While mRNA could be visualized on a denaturant gel, 
attempts to reverse transcribe and amplify selected functional genes failed, as did 
attempts to amplify universal 16S rRNA sequences. It has to be assumed that the 
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methodology mechanically sheared the RNA preventing amplification of 
complete sequences. Further optimization of the protocol also met with failure 
and a decision was taken not to continue with this project. A future focus of 
microbial ecotoxicology should be the refinement of nucleic extraction methods 
and the development of subtle yet effective mechanisms of extracting both DNA 
and RNA from all members of the bacterial community regardless of cell wall 
composition. Emphasis should be placed on moving away from methods which 
may mechanically shear DNA (for example, lysis buffers) and efforts directed 
towards the development of a gradient of lysis buffers designed to work on 
multiple replicates of the same sample to digest the cell wall of different species. 
The crude nucleic acids extracted may then be purified using methods negating 
use of mutagenic organics such as phenol, and could include pulsed field gel 
electrophoresis, followed by the collection and extraction of purified nucleic acids 
from an agarose plug (Tyson et al., 2004). 
2. The speed and simplicity of PCR has made it an invaluable tool, and its 
importance in recent keystone discoveries within the disciplines of microbial 
physiology and ecology cannot be understated (Beja et al., 2000; Saltikov and 
Newman, 2003; Venter et al., 2004; Tringe et al., 2005). However, when 
employing the technique in any study it is important to consider it's fundamental 
limitations, particularly that of amplification bias. Studies have noted 
considerable and reproducible overamplification of specific templates, attributable 
to differences in initial transcript concentrations of different templates and 
different binding energies of primers. For example, Polz and Cavanaugh (1998) 
demonstrated that templates containing GC rich priming sites amplified with 
higher efficiency that AT-rich sites. Such bias may become dominant within the 
later stages of PCR cycling, skewing results of community studies or comparative 
quantification of different functional genes. A number of methods have been 
developed to overcome this inherent bias, e. g. Thompson et al. (2002) outline a 
treconditioning' PCR to eliminate the formation of heteroduplexes in a mixed 
community analysis, while Green and Minz (2005) have developed a 'suicide 
polymerase endonuclease restriction' which exclusively digests dominant DNA 
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templates without modifying minor DNA templates, preventing the dominant 
template from being amplified. Integration of a complex sample amplified 
normally and one amplified with the 'suicide' method should allow visualization 
of all species on a DGGE. 
3. Primers for the functional genes assessed in this study were designed around 
published sequences related to the chromosomally encoded genes of 
Pseudomonas aeruginosa PAO 1. While all the sequences amplified are of 
considerable ecological importance, large scale genomic sequencing or 
suppressive subtractive hybridization of multiple strains of the same species 
(Mongodin et al., 2005; Purdy et al., 2005; Tettelin et al., 2005) have shown that 
the genomes of environmental isolates are - 80 % made-up of core genes (similar 
to the chromosomal genes of clinical species) and - 20 % of specific genes 
acquired by horizontal gene transfer from bacteria and archaea allowing for 
survival and proliferation within a specific environment (Tyson et al., 2004; 
Coleman ct al., 2005; Smets and Barkay, 2005). The genes encoded in transfer 
events may have important implications for biogeochemical cycling of elements, 
and effort should be made through suppressive subtractive hybridization to 
characterize transfer events on the model species employed, in this case P. 
aeruginosa. 
4. Resolving nucleic acid expression with upregulation encoded protein expression 
is one of the future challenges of molecular microbiology. The processes of 
transcription and translation are energetically divergent, and an organism's energy 
budget is responsible for determining which transcribed genes are further 
translated into the correct protein (Hawkins, 1991). The technology is in place to 
begin correlating gene expression with protein expression through the use of 
microarrays, reverse-transcription quantitiative-PCR (RT-qPCR) and 2 
dimensional proteomics within manipulated laboratory cultures (for example see 
Hogstrand et al., 2002). However, the utility of all of these techniques is limited 
for the analysis of environmental samples due to the complexity of the subsurface 
communities. Rhee et al. (2004) recently attempted to detect the environmental 
incidence of genes involved in biodegradation and transformation. These authors 
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used a 50-mer oligonucleotide microarray and concluded that the detection 
sensitivity of such an approach required considerable improvement for future use, 
as genes detected by high-fidelity PCR would not align to the correct nucleotide 
probe on the array, even at a probe degeneracy of 85 %. Problems with extracting 
mRNA for RT-qPCR have already been covered earlier, while the successful 
extraction of proteins from an environmental matrix has yet to be demonstrated 
(Ogunseiten, 2006). However, it is likely that any proteomic evaluation from a 
diverse microbial matrix such as soil or sediment would yield results of 
exceptional complexity, and attempts to resolve protein signatures would fail. 
5. A major goal of ecotoxicology should be to correlate eukaryotic biomarker 
response to environmental contaminants with the response of prokaryotic 
biomarkers, as developed in this thesis. This would provide a holistic view of the 
environment, complementary to traditional chemical monitoring. To do this 
would require the optimization of mRNA extraction from a sediment matrix. 
Following this, the use of RT-qPCR can be used to quantify genes of similar 
function, as has been successfully applied with both prokaryotes and eukaryotes 
(McCain et al., 2003; Denslow et al., 2004; Chapter 6). For example, within this 
thesis, Sodl and Mt genes of P. aeruginosa were successfully quantified from the 
CFR and make excellent 'cross-domain' biomarkers of environmental health. 
Both biomarkers have been used previously in eukaryotic organisms to assess 
biotic response to ecosystem contamination (Downs et al., 2002; Farag et al., 
2003). 
7.3 Future Research 
A fundamental constraint in the use of invertebrate/ vertebrate organisms for 
environmental monitoring is a distinct lack of environmental ubiquity. This is, 
conversely, the major benefit of exploiting microbes as biomarkers of contamination, as 
they have been found in every conceivable environment on earth (Priscu et al., 1999; 
DeLong and Pace, 2001). Metal contamination of groundwater wells is a significant 
environmental hazard in the developed (Welch et al., 2000) and developing world (Cheng 
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et al., 2005). Therefore, the assessment of groundwater contamination continues to be of 
vital importance to the health of millions of people around the world (Ford, 2005). This 
is particularly true within developing countries, such as West Bengal or Bangladesh, 
where financial restrictions exclude the use of expensive chemical measurement 
techniques. A genetic approach to quantifying metal/ microbe interactions within a given 
environment may be a realistic alternative to chemical analysis, as high levels of gene 
expression allow conclusions to be drawn on the presence, bioavailability and toxicity of 
specific metals. Figure 7.1 illustrates potential pathways of well water contaminated with 
arsenic. Arsenic interactions with microbes, and the relevant genes that can potentially 
be targeted as biomarkers are listed in Table 7.1. 
7.3.1 Arsenic contaminated groundwater 
Microbial molecular biomarkers may be used to characterize the temporal cycling of 
environmental contaminants and assess seasonal changes in their bioavailability and 
toxicity. A common contaminant of groundwater throughout the world is arsenic 
yAa/trace/arsenic/, www. blzs. ae. uk/arsenic/ . Acute exposure to 
arsenic causes vomiting, oesophagael and abdominal pain and bloody diarrhea, while 
persistent chronic exposure leads to carcinogensis affecting the skin, lungs, bladder and 
kidneys (Hei and Filipic, 2004). Symptoms of exposure in parts of China and Taiwan 
also include a severe disease of the blood vessels know as blackfoot disease (Tseng, 
2005). It is therefore important to be able to rapidly determine environmental 
concentrations of arsenic species in order to predict the extent of environmental health 
risks. 
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Figure 7.1: Hypothetical schematic illustrating a potential point source of groundwater 
and river contamination. Both abiotic and biotic factors can be involved in oxidizing 
pyrite and arsenopyrite. Determining specific microbial activities can be used to model 
the fate and transport of arsenic. The use of quantitative PCR to target genes involved in 
microbial/ metal interactions can therefore provide critical information in detennining 
environmental health risks. 
Dissolution of 
As minerals 
I III 
Town 
Water 
supply 
Potential As 
interactions outlined 
in Table 7.2 
Surface 
Vadose Zone 
Groundwater 
Aquifer 
Arsenic 
Release 
FeS2 + 14Fe3+ + 8H20 
15Fe2+ + 16H+ 
+2SO4 2- 
FeAsS + 5.502 + 3H20 
2Fe3+ + 2HAS03 
+2SO42- 
ArsenopyriteM P eý te 
River 
Input 
Water source for 
s Irrigation 
4p Recreation 
- Drinking water 
(human/ livestock) 
Generally, pyrite and arsenopyrite, when continually immersed in water, are not of 
significant toxicological importance, however, abiotic and biotic oxidation of the pyrite 
produces sulfuric acid (H2SO4) (Schrenk et al., 1998). H2SO4 may cause the further 
dissolution of arsenic-containing minerals releasing arsenic in free ion form, after which 
the speciation and fate of these metals is largely determined microorganisms generally 
associated with acid mine drainage (Table 7.1), e. g. Ferroplasma spp., Leptospirillium 
spp. and Sulfohacillus spp. (Schrenk et al., 1998; Edwards et al., 1999; Tyson et al., 
2004). Dissolution of arsenopyrite directly releases arsenic. The balance of arsenic 
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speciation (and therefore, it's toxicity) is dependant on an extensive number of reactions 
(Table 7.1). In vivo the toxicity of inorganic and organic arsenicals is DMA(III), 
MMA(111) > As(III) > As(V) > MMA(V) > DMA(V) > TMAO (Trimethylarsine oxide). 
Characterization of these reactions, and the genes involved, allows microbial gene 
expression to be used in evaluating the presence of a toxic arsenic species. The end result 
of such an approach is to ensure a good understanding of the fate of arsenic in the 
environment. For example, of the genes listed in Table 7.1, if arsenic reductase (ArsQ is 
highly expressed, conclusions could be drawn that the dominant species in the 
groundwater is trivalent arsenic. 
Table 7.1; Environmental microbial mediated transformation of arsenic. 
Reaction 
Initial arsenic Arsenic species Gene(s) Involved Reference 
I 
species following conversion 
Cytoplasmic 
reduction 
Respiratory 
Reduction 
Periplasmic 
oxidation 
Methylation 
Methylation 
As043- AS(OH)3 ArsC (Arsenate) (Arsenite) 
As043- As(OH)3 Arr (Arsenate) (Arsenite) 
As(OH)3 As043- Asol Aox 
(Arsenite) (Arsenate) 
As(OH)3 MMA (III) ArsM 
(Arsenite) (monomethylarsenite) 
MMA (III) DMA (III) ArsM (Mono methyla rsen ite) (dimethylarsenite) 
7.3.2 Thefuture ofMicrobial Ecotoxicology 
31 and Silver, 1992 
Saltikov et al., 2005 
Muller et al., 2003 
Qin et al., 2006 
Qin et al., 2006 
The use of metagenomic techniques such as bacterial artificial chromosomes (BACs) and 
shotgun sequencing, combined with the continued proliferation of whole genomic 
sequencing is not only elucidating novel genes involved in known pathways (such as 
arsenic conversion or denitrification), but also elucidating novel pathways and proteins 
(Tyson and Banfield, 2005; Beja et al., 2000). Such technologies will significantly aid 
the development of microbial ecotoxicology by allowing a more complete molecular 
view of the cycling and conversion of specific metals or organic pollutants allowing the 
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reaction rates to be closely followed, providing more information on the cycling of toxic 
metals within the environment. 
Further development of microbial molecular biomarkers, outlined in this thesis, together 
with the continued advancement of molecular biology techniques, i. e. quantitative PCR 
using Taqman probes or the use of high-throughput techniques such as constant 
denaturing capillary electrophoresis (CDCE) for gene quantification, will provide 
sensitive and reliable methods to evaluate in situ metal toxicity. This approach can either 
be used as an alternative to eukaryotes (i. e. in their absence, as in the example above) or 
in synergistic studies incorporating invertebrate/ vertebrate biological response and 
chemical analysis. 
158 
Appendix 1. 
A LI Multivariante Statistical Results 
1.1.1 Seasonal Principal Component Analysis 
June, 2004. 
Data variables: 
An Ju 
LBF Ju 
LDL Ju 
LMC Ju 
UDL Ju 
UNIC Ju 
Data input: observations 
Number of complete cases: 6 
Missing value treatment: listwise 
Standardized: yes 
Number of components extracted: 2 
Principal Components Analysis 
---------------------------------------------- 
Component Percent of Cumulative 
Number Eigenvalue Variance Percentage 
1 3.14445 52.408 52.408 
2 2.14033 35.672 88.080 
3 0.517794 8.630 96.710 
4 0.18058 3.010 99.719 
5 0.0168373 0.281 100.000 
6 0.0 0.000 100.000 
The StatAdvisor 
--------------- 
This procedure performs a principal components analysis. The 
purpose of the analysis is to obtain a small number of linear 
combinations of the 6 variables which account for most of the 
variability in the data. In this case, 2 components have been 
extracted, since 0 components had eigenvalues greater than or equal to 
1.0. Together they account for 88.0798% of the variability in the 
original data. 
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Table of Component Weights 
Component Component 
12 
--- 
An Ju 0.479667 
---- - --- ----- 
0.34423 
------- 
LBF Ju -0.441757 -0.329461 
LDL Ju -0.367182 0.421768 
LMC Ju 0.458818 0.362646 
UDL Ju -0.360171 0.436185 
UMC Ju 0.315769 -0.522785 
The StatAdvisor 
This table shows the equations of the principal components. For 
example, the first principal component has the equation 
0.479667*An Ju - 0.441757*LBF Ju - 0.367182*LDL Ju + 0.458818*LMC Ju - 
0.360171 *UDL Ju + 0.315769*UMC Ju 
where the values of the variables in the equation are standardized by 
subtracting their means and dividing by their standard deviations. 
September. 2004. 
Data variables: 
An Sept 
LBF Sept 
LDL Sept 
LMC Sept 
UDL Sept 
UNIC Sept 
Data input: observations 
Number of complete cases: 6 
Missing value treatment: listwise 
Standardized: yes 
Number of components extracted: 2 
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Principal Components Analysis 
Component Percent of Cumulative 
Number Eigenvalue Variance Percentage 
1 3.29385 54.898 54.898 
2 2.25361 37.560 92.458 
3 0.323162 5.386 97.844 
4 0.0797233 1.329 99.172 
5 0.0496526 0.828 100.000 
6 6.47865E-1 7 0.000 100.000 
The StatAdvisor 
This procedure performs a principal components analysis. The 
purpose of the analysis is to obtain a small number of linear 
combinations of the 6 variables which account for most of the 
variability in the data. In this case, 2 components have been 
extracted, since 0 components had eigenvalues greater than or equal to 
1.0. Together they account for 92.4577% of the variability in the 
original data. 
Table of Component Weights 
Component Component 
1 2 
------------ ------ 
An Sept 0.225074 
------ 
0.59193 
LBF Sept -0.538418 0.0315714 
LDL Sept -0.509429 -0.110007 
LMC Sept 0.26019 0.570982 
UDL Sept -0.383101 0.389349 
UMC Sept 0.430657 -0.398632 
The StatAdvisor 
This table shows the equations of the principal components. For 
example, the first principal component has the equation 
0.225074*An Sept - 0.538418*LBF Sept - 0.509429*LDL Sept + 0.26019*LMC 
Sept - 0.383 101 *UDL Sept + 0.430657*UMC Sept 
where the values of the variables in the equation are standardized by 
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subtracting their means and dividing by their standard deviations. 
November, 2004 
Data variables: 
An Nov 
LBF Nov 
LDL Nov 
LMC Nov 
UDL Nov 
UMC Nov 
Data input: observations 
Number of complete cases: 6 
Missing value treatment: listwise 
Standardized: yes 
Number of components extracted: 2 
Principal Components Analysis 
----------------------------------------------- 
Component Percent of Cumulative 
Number Eigenvalue Variance Percentage 
1 3.01123 50.187 50.187 
2 1.8352 30.587 80.774 
3 0.727951 12.133 92.906 
4 0.300884 5.015 97.921 
5 0.124727 2.079 100.000 
6 0.0 0.000 100.000 
The StatAdvisor 
This procedure performs a principal components analysis. The 
purpose of the analysis is to obtain a small number of linear 
combinations of the 6 variables which account for most of the 
variability in the data. In this case, 2 components have been 
extracted, since 0 components had eigenvalues greater than or equal to 
1.0. Together they account for 80.774% of the variability in the 
original data. 
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Table of Component Weights 
Component Component 
12 
----- 
An Nov 0.255318 0.591412 
------- ------------ 
LBF Nov -0.493454 0.194912 
LDL Nov -0.515872 -0.062931 
LMC Nov 0.426449 -0.340366 
UDL Nov -0.0325565 0.68261 
UMC Nov 0.492213 0.162714 
The StatAdvisor 
This table shows the equations of the principal components. For 
example, the first principal component has the equation 
0.255318*An Nov - 0.493454*LBF Nov - 0.515872*LDL Nov + 0.426449*LMC 
Nov - 0.0325565*UDL Nov + 0.492213*UMC Nov 
where the values of the variables in the equation are standardized by 
subtracting their means and dividing by their standard deviations. 
April, 2005. 
Data variables: 
An Apr 
LBF Apr 
LDL Apr 
LMC Apr 
UDL Apr 
UNIC Apr 
Data input: observations 
Number of complete cases: 6 
Missing value treatment: listwise 
Standardized: yes 
Number of components extracted: 3 
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Principal Components Analysis 
------------------------------------------ ---- 
Component Percent of Cumulative 
Number Eigenvalue Variance Percentage 
1 2.2837 38.062 38.062 
2 2.03386 33.898 71.959 
3 1.09395 18.232 90.192 
4 0.397605 6.627 96.819 
5 0.19088 3.181 100.000 
6 5.01264E-17 0.000 100.000 
The StatAdvisor 
This procedure performs a principal components analysis. The 
purpose of the analysis is to obtain a small number of linear 
combinations of the 6 variables which account for most of the 
variability in the data. In this case, 3 components have been 
extracted, since 0 components had eigenvalues greater than or equal to 
1.0. Together they account for 90.1919% of the variability in the 
original data. 
Table of Component Weights 
Component Component Component 
123 
---- 
An Apr 
-------- ------- 
-0.0172438 
----- ---------- 
0.641654 
-- 
-0.0268837 
LBF Apr -0.497447 -0.429517 -0.227255 
LDL Apr -0.350848 0.255065 0.658753 
LMC Apr 0.556626 -0.0599535 0.482333 
UDL Apr -0.464281 0.43599 -0.0417198 
UMC Apr 0.322126 0.380861 -0.52848 
The StatAdvisor 
--------------- 
This table shows the equations of the principal components. For 
example, the first principal component has the equation 
- 0.0172438*An Apr - 0.497447*LBF Apr - 0.350848*LDL Apr + 
0.556626*LMC Apr - 0.46428 1 *UDL Apr + 0.322126*UmC Apr 
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where the values of the variables in the equation are standardized by 
subtracting their means and dividing by their standard deviations. 
A 1.1.3 Sites over all sampled seasons 
Principal Components A na. 1 . ysis 
Data variables: 
LBF Ju 
LBF Sept 
LBF Nov 
LBF Apr 
LDL Ju 
LDL Sept 
LDL Nov 
LDL Apr 
UDL Ju 
UDL Sept 
UDL Nov 
UDL Apr 
An Ju 
An Sept 
An Nov 
An Apr 
LMC Ju 
LMC Sept 
LMC Nov 
LMC Apr 
UMC Ju 
UMC Sept 
UMC Nov 
UMC Apr 
Data input: matrix 
Standardized: yes 
Number of components extracted: 5 
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Principal Components Analysis 
----------------------- 
Component 
------------------------ 
Percent of Cumulative 
Number Eigenvalue Variance Percentage 
1 11.7955 48.828 48.828 
2 3.49542 14.470 63.298 
3 2.53158 10.480 73.777 
4 1.2554 5.197 78.974 
5 1.10419 4.571 83.545 
6 0.964524 3.993 87.538 
7 0.661825 2.740 90.277 
8 0.523963 2.169 92.446 
9 0.420373 1.740 94.187 
10 0.358471 1.484 95.670 
11 0.262488 1.087 96.757 
12 0.195406 0.809 97.566 
13 0.152886 0.633 98.199 
14 0.140616 0.582 98.781 
15 0.120697 0.500 99.281 
16 0.0937887 0.388 99.669 
17 0.0478431 0.198 99.867 
18 0.0321745 0.133 100.000 
19 7.58089E- 17 0.000 100.000 
20 0.0 0.000 100.000 
21 0.0 0.000 100.000 
22 0.0 0.000 100.000 
23 0.0 0.000 100.000 
24 
-------- 
0.0 
--------------- 
0.000 
----------- 
100.000 
------------ 
The StatAdvisor 
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This procedure performs a principal components analysis. The 
purpose of the analysis is to obtain a small number of linear 
combinations of the 24 variables which account for most of the 
variability in the data. In this case, 5 components have been 
extracted, since 0 components had eigenvalues greater than or equal to 
1.0. Together they account for 83.545% of the variability in the 
original data. 
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Table of Component Weights 
Component Component Component Component Component 
12345 
---- 
LBF Ju 
-------- ----- 
0.13033 
LBF Sept 0.197046 
LBF Nov 0.198044 
LBF Apr 0.175367 
LDL Ju 0.18313 
LDLSept 0.166434 
LDLNov 0.181849 
LDL Apr 0.23422 
UDL Ju 0.230903 
UDL Sept 0.236629 
UDL Nov 0.23561 
UDL Apr 0.249508 
An Ju 0.224862 
An Sept 0.220717 
An Nov 0.245823 
An Apr 0.245823 
LMC Ju 0.23623 
LMC Sept 0.23623 
LMCNov 0.145585 
LMC Apr 0.142261 
UMCJu 0.160099 
0.175684 
0.312142 
-0.301253 -0.388261 -0.212583 
0.000140376 -0.0844856 0.0721297 
-0.217676 -0.0887991 
0.0971393 0.213639 
0.29037 0.272923 
-0.00237277 0.354172 
0.112516 0.32184 
0.257233 -0.104667 
0.174035 -0.146663 
0.29583 -0.0355075 
0.278041 
0.261612 
0.0981839 
0.245654 
0.173508 
0.0412481 
0.0112066 
0.055363 
-0.0573606 
0.00991428 
0.0686519 
0.141916 -0.19407 
-0.101486 -0.201907 
0.111034 -0.290825 
-0.0371555 -0.00625215 -0.292511 
0.0184669 0.0621978 0.117598 -0.153412 
-0.165036 0.276644 -0.151175 0.124191 
-0.145775 0.275942 -0.080839 0.0742109 
-0.202362 0.144721 -0.104453 -0.101272 
-0.202362 0.144721 -0.104453 -0.101272 
-0.15337 0.26434 -0.0931647 0.036233 
-0.15337 0.26434 -0.0931647 0.036233 
-0.162772 -0.386207 0.070273 6 -0.154765 
-0.164623 -0.42332 1 0.0607963 -0.14041 
-0.224458 -0.30347 -0.262969 0.317499 
UMC Sept 0.160997 
UMC Nov 0.191363 
UMC Apr 0.1913 63 
The StatAdvisor 
-0.236932 -0.288277 
-0.226166 -0.102735 
-0.226166 -0.102735 
-0.28354 0.357959 
0.449961 0.0435337 
0.449961 0.0435337 
--------------- 
This table shows the equations of the principal components. For 
example, the first principal component has the equation 
0.13033*LBF Ju+0.197046*LBF Sept+ 0.198044*LBF Nov+ 0.175367*LBF 
Apr+ 0.18313*LDLJu +0.166434*LDL Sept+ 0.181849*LDL Nov+ 
0.23422*LDL Apr + 0.230903*UDL Ju + 0.236629*UDL Sept + 0.23561 *UDL 
Nov + 0.249508*UDL Apr + 0.224862*An Ju + 0.220717*An Sept + 
0.245823*An Nov + 0.245823*An Apr + 0.23623*LMC Ju + 0.23623*LMC Sept 
+ 0.145585*LMC Nov + 0.142261 *LMC Apr + 0.160099*UMC Ju + 0.160997*UMC 
Sept + 0.191363 *UMC Nov + 0.1913 63 *UMC Apr 
where the values of the variables in the equation are standardized by 
subtracting their means and dividing by their standard deviations. 
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ClusterAnalusis 
Data variables: 
LBF Ju 
LBF Sept 
LBF Nov 
LBF Apr 
LDL Ju 
LDL Sept 
LDL Nov 
LDL Apr 
UDL Ju 
UDL Sept 
UDL Nov 
UDL Apr 
An Ju 
An Sept 
An Nov 
An Apr 
LMC Ju 
LMC Sept 
LMC Nov 
LMC Apr 
UMC Ju 
UMC Sept 
UMC Nov 
UMC Apr 
Number of complete cases: 24 
Clustering Method: Nearest Neighbor (Single Linkage) 
Distance Metric: Squared Euclidean 
Cluster Members Percent 
--------------------------- 
1 24 100.00 
Centroids 
Cluster LBF Ju LBF Sept LBF Nov LBF Apr LDL Ju LDL Sept LDL 
Nov LDL Apr 
------------------------------------------------------------------------------------------------------------ 
1 0.333583 0.47325 0.478917 0.430083 
0.434208 0.55525 
0.442833 0.402917 
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Cluster UDL Ju UDL Sept UDL Nov UDL Apr An Ju An Sept An 
Nov An Apr 
----------------------------------------------------------------------------------------------------------- 
1 0.544458 0.551292 0.554917 0.582292 0.513625 0.503708 
0.568167 0.568167 
Cluster LMC Ju LMC Sept LMC Nov LMC Apr UMC Ju UMC Sept 
UMC Nov UMC Apr 
----------------------------------------------------------------------------------------------------------- 
1 0.54025 0.54025 0.372208 0.366625 0.40325 0.405583 0.458083 
0.458083 
The StatAdvisor 
-------------- 
This procedure has created I cluster from the 24 observations 
supplied. The clusters are groups of observations with similar 
characteristics. To form the clusters, the procedure began with each 
observation in a separate group. It then combined the two 
observations which were closest together to form a new group. After 
recomputing the distance between the groups, the two groups then 
closest together were combined. This process was repeated until only 
1 group remained. To specify the number of final clusters, press the 
alternate mouse button and select Analysis Options. To determine a 
reasonable value for the number of clusters, look at the Agglomeration 
Distance Plot available from the list of Graphical Options. 
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Icicle Clustering 
Clustering Method: Nearest Neighbor (Single Linkage) 
Distance Metric: Squared Euclidean 
Number of Clusters 
111111111122222 
Row 123456789012345678901234 
------ ------------------------ 
I xxx 
xxx 
2 xxxxxxxxxxxxx 
xxxxxxxxxxxxx 
3 xxxxxxxxxxxxx 
xxxxxxxxx 
5 xxxxxxxxxxx 
xxxxxxxxxxx 
6 xxxxxxxxxxxxxxxx 
XXXXXXXXXXXXXXYIX 
7 xxxxxxxxxxxxxxxx 
xxxxxxxx 
8 xxxxxxxxxx 
xxxxxxxxxx 
9 xxxxxxxxxxxxxxx 
xxxxxxxxxxxxxxx 
10 XXXXXXXXXXXXXY-X 
XXXXXXXXXXY-X 
12 XXXXXXXXXXXX 
XXXXXXX 
II xxxxxxx 
xxxxxx 
4 XXXXXX 
xxxxx 
13 XXXXXXXXXXXXXXXXXX 
xxxxxxxxxxxxxxxxxx 
14 XXXXXXXXXXXXXXXXXX 
xxxxxxxxxxxxxxxxx 
17 XXXXXXXXXXXXXXXXXXXXXX 
xxxxxxxxxxxxxxxxxxxxxx 
18 XXXXXXXXXXXXXXXXXXXXXX 
xxxxxxxxxxxxxx 
15 XXXXXXXXXXXXXXXXXX XXXX 
xxxxxxxxxxxxxxxxxxxxxxx 
16 XXY. XXY. XNYXXXXXXXXXXXXXX 
xx 
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23 XXXXXXXXX XXXXXXXXY. XYX 
xxxxxxxxxx xxxxxxxxxxx 
24 XXXXXXXXX XXXXXXXXXXXX 
x 
19 Y-XXXXXX)DL 
xxxxxxxxxx 
XXXXXXXXY-X 
xxxxxxxxx 
20 XXXXXXXXX 
xxxx 
XXXXXXXXXX 
21 XXXXXXXXX XXXXXXXXXXX 
xxxxxxxxxx xxxxxxxxxx 
22 XXY. XXXXNY XXXXXXXXY. XX 
The StatAdvisor 
--------------- 
The icicle plot shows how the I cluster(s) were formed. Each 
column of the plot shows how the observations were divided into a 
specific number of clusters. In that column, an unbroken string of 
X's connects all members of a cluster. A row without an X indicates a 
break between two clusters. Working from the right of this table, you 
can determine how the observations were combined. 
Agglomeration Schedule 
---------------------- 
Clustering Method: Nearest Neighbor (Single Linkage) 
Distance Metric: Squared Euclidean 
Clusters Combined Stage First Appears Next 
Stage Cluster I Cluster 2 Coefficient Cluster I Cluster 2 Stage 
--------- 
1 
---------- 
15 
--------- 
16 
--------------- 
0.0 
---------- 
0 
------- 
0 
-------------- 
10 
2 17 18 0.0 0 0 7 
3 23 24 0.0 0 0 22 
4 21 22 0.684183 0 0 20 
5 19 20 1.10999 0 0 20 
6 13 14 2.03606 0 0 7 
7 13 17 2.24404 6 2 10 
8 6 7 4.3327 0 0 13 
9 9 10 4.94229 0 0 12 
10 13 15 4.94275 7 1 19 
11 2 3 8.31249 0 0 15 
12 9 12 8.33069 9 0 14 
13 5 6 8.63754 0 8 15 
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14 8 9 8.89675 0 12 16 
15 2 5 9.18747 11 13 16 
16 2 8 9.2763 15 14 17 
17 2 11 9.56929 16 0 18 
18 2 4 10.9408 17 0 19 
19 2 13 18.3432 18 10 21 
20 19 21 18.4118 5 4 23 
21 1 2 25.0246 0 19 22 
22 1 23 26.7533 21 3 23 
23 1 19 28.3872 22 20 0 
The StatAdvisor 
The agglomeration schedule shows which observations were combined 
at each stage of the clustering process. For example, in the first 
stage, observation 15 was combined with observation 16. The distance 
between the groups when combined was 0.0. It also shows that the next 
stage at which this combined group was further combined with another 
cluster was stage 10. 
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A 1.2 Real-Time PCR Melt Curves 
A 1.2.1 Environmental A mplification of the 16S gene 
Melt Report 
Experiment Information 
Run Name PA01 032305 
Run Start 3/23/2005 12: 44: 14 PM 
Run Finish 3/23/2005 2: 31: 55 PM 
Operator nik 
Notes PAOI 16S indicator with site samples (03/05) and positive control 
Run On Software Version Rotor-Gene 6.0.19 
Run Signature The Run Signature is valid. 
Gain FAM/Sybr 1 10. 
Melt Information 
Digital Filter None 
Sample Page Page 1 
Temp. Threshold O*c 
Threshold 1 01 
Profile 
Cycle 
Hold @ 94"c, 10 min 0 secs 
Cycle Point 
Cycling (40 repeats) Step 1@ 940c, hold 25 secs 
Step 2@ 58*c, hold 25 secs 
Step 3@ 72"c, hold 20 secs, acquiring to 
Cycling A(FAM/Sybr) 
Hold 2@ 72"c, 7 min 0 secs 
jýelt -(72-950c) 
, hold 
45 secs on the 1 st step, hold 5 
secs on next steps, Melt A(FAM/Sybr) 
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dF/dT 
-ic-. 
Melt data for Melt A. FAM/Sybr 
No. Name Genotype Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 
03 90 
A2 LDL 78.3 82.7 89.7 
A3 UDL 89.8 
A4 An 78.5 82 89.5 
A5 LMC 73 75 84 90 
A6 UMC 89.8 
_A7 
Positive 73 75 77_ 79 88.5 
Bin Name Temperature Sample No. Sample Name Peaki 
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A 1.2 2 16S rRNA and P. aeruginosa sPeCifIC population probe. 
Melt Report 
Experiment Information 
Run Name 16 SrRNA probing 
Run Start 3/11/2006 1: 39: 03 PM 
Run Finish 3/11/2006 2: 51: 20 PM 
Operator Nik 
Notes Population probing with PA01 and universal 16S rRNA primers 
Run On Software Version Rotor-Gene 6.0.23 
Run Signature The Run Signature is valid. 
Gain FAM/Sybr 1 9. 
Melt Information 
Digital Filter None 
Sample Page Page 1 
Temp. Threshold O*c 
Threshold 1 0 
Profile 
Cycle 
Hold @ 95'c, 10 min 0 secs 
Cycle Point 
Cycling (30 repeats) Step 1@ 95"c, hold 10 secs 
Step 2@ 550c, hold 15 secs 
Step 3@ 72"c, hold 20 secs, acquiring to 
Cycling A(FAM/Sybr) 
Melt (72-95 c) , hold 45 secs on the 1 st step, hold 5 
secs on next steps, Melt A(FAM/Sybr) 
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Melt data for Melt A. FAM/Sybr 
dFk 
7-c- 
No. 
Al 
Name 
LBF PA 
Genotype Peak 1 
78.2 
Peak 2 
82.5 
Peak 3 
89.2 
A2 LDL PA 77.7 89.2 
A3 UDL PA 77.8 85.2 89.2 
A4 An PA 76.8 89.2 
A5 LMC PA 77.2 89.2 
A6 UMC PA 77.5 89.2 
A7 PA -1 77.3 82.7 89 
A8 PA -2 78.5 83 89.2 
Bl PA -3 76.7 84 89.2 
B2 PA -4 77.5 84.8 89.2 
B3 PA -5 76.2 89 
B4 LBF 16S 79 84.2 89 
B5 LDL 16S 78.8 88.8 
B6 UDL 16S 79 88.8 
B7 An 16S 79.5 85.5 89 
B8 LMC 16S 78.2 83.5 88.8 
Cl UMC 16S 88.8 
C2 An -1 88.7 
C3 An -2 78.2 88.8 
C4 An -3 78 89 
C5 An -4 75.5 88.8 
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A 1.2.3 SodA functional gene amplification 
Melt Report 
Experiment Information 
Run Name SOD 022105 
Run Start 
Run Finish 2/22/2005 11: 15: 21 AM 
Operator Nik 
Notes 
Run On Software Version Rotor-Gene 6.0.19 
Run Signature I 
The Run Signature is valid. 
Gain FAM/Sybr 1 8. 
Melt Information 
Digital Filter None 
Sample Page Page I 
Temp. Threshold 06C 
Threshold 0 
Profile 
Cycle 
Hold @ 95'c, 10 min 0 secs 
Cycle Point 
Cycling (45 repeats) Step 1@ 950c, hold 15 secs 
Step 2@ 420c, hold 20 secs 
Step 3@ 720c, hold 20 secs, acquiring to 
Cycling A(FAM/Sybr) 
Melt (72-950c) , hold 45 secs; on the 1 st step, hold 5 
secs on next steps, Melt A(FAM/Sybr) 
I 
- 
177 
dF/dT 
175, ,w 185 1-90 ! ci. 
Melt data for Melt A. FAM/Sybr 
7- 
'No. 
Al 
Name 
lbf 
Genotype Peak 1 
78.8 
Peak 2 
83.7 
Peak 3 
93.5 
A2 Idl 81 85.3 92.7 
A3 A 84 94 
A4 an 80 85.5 93.2 
A5 Irn 1 
82.8 84.2 1 92.7 
A6 umc 79.8_ 85 93.3 
A7 positive 78 85 92.5 
Bin Name Temperature Sample No. Sample Name Peak 
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A 1.3 Seasonal Incidence of Psendoinonas aerzWinosu metal detoxification and general 
stress genes. The ladder is a 100 kb marker and each site is represented at each ofthe 
four season,,. Abbreviations LBF, Little Blackfoot River, I-DE, Lower Deerlodge, UDI_ 
Upper Deerlodge, An; Anaconda, LMC; Lower Mill Creek, UMC; Upper Mill Creek. 
Numbers indicate sampling efforts: 1; June, 2, September, 3; November, 4; April. The 
Positive control (PA) is the gene amplified with a P. aeiwginosti PAO I template. 
ArsC (205 bp) 
Czc (220 bp) 
LBF LDL UDL An I'MC UM(' 
PA 
123412341234123412341234 
CopB (405 bp) 
I. RF I. Dl I JDI. An I'MC IJM(l 
PA 
1 21 1414141241 -` II 
LBF LIM, (JDI- An I'MC IJM(' 
PA 
(205 bp) 
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SodA (450 bp) 
1. BF VDL UDU All 1 MC Umu 
PA 12 
-3 
412341234123412341234 
PAOI Prohe (500 bp) 
I, BF 1, D 1,1 MI. An I. MC 
LBF LDI- IJDL An IAW IJM(' 
- --------- - ---------- -- --------- - ---- 
4141211 4 
CopA (450 bp) 
Kai (450 bp) 
UDL An 
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LBF L 1) L UDL 
-1 1 11A 
12 -1 
4 PA 
A 1.4 Example ofprimer design 
SodA sequence was downloaded from the Pseudomonas website 
(www. pseudomonas. com) and small flanking sequences of the gene with correct GC- 
sequence were used as primers of a small subunit (-405 bp long) of the whole gene, 
primers are shown below (in boldtype) in the correct orientation. 
ATGCCCCACGCCTTGCCGCCCTTGCCTTACGCCTACGATGCCCTGGAACCGCA 
CATCGATGCGCTGACCATGGAGATCCACCACAGCAAGCACCACCAGACCTA 
TGTGAACAACCTGAACGCCGCGCTGGAAGGCACGCCCTATGCCGAGCAGCC 
GGTGGAAAGTCTGCTGCGGCAACTGGCTGGTCTGCCGGAGAAGCTGCGCACC 
CCGGTTGTCAACAATGGCGGTGGGCATGCCAACCACTCGCTGTTCTGGACCG 
TGATGTCGCCCCAGGGCGGTGGCCGTCCCGATGGCGACCTGGGGCGGGCCAT 
CGATGAGCAGCTCGGGGGCTTCGAGGCGTTCAAGGATGCGTTCACCAAGGCT 
GCGCTGACCCGCTTCGGCAGCGGCTGGGCCTGGCTCAGCGTGACTCCCCAGG 
GCAGCTTGCTGGTGGAGAGCAGCGGCAACCAGGACAGCCCGCTGATGAACG 
GCAATACGCCGATCCTCGGCCTGGACGTATGGGAGCACGCCTATTACCTGAA 
4 
GTACCAGAACCGCCGCCCGGAATACATCGGCGCTTTCTACAACGTGATCGA 
CTGGCGGGAGGTCGCGCGTCGCTATGCGCAAGCCCTGGCCTAG 
Primer properties 
Sodl-F 
Tm = 60.2 oC 
GC content = 50 
SodA-R 
Tm = 60.2 
GC content = 50 % 
Purity nm/ OD260 = 4.4 Purity nm/ OD260 = 4.4 
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